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PREFACE. 


When the original Dutch edition of this book appeared in 
1898, no text-book of inorganic chemistry existed in which the 
modern views introduced in this science by van’t Hoff, Ostwald, 
Arrhenius, and others were sufficiently regarded. As I wanted 
such a book as a guide for my lectures, I undertook to write one. 
It was my aim to use these modern theories as a basis, applying 
them constantly for the explanation of the facts communicated, 
and so illustrating these theories at the same time by many ex- 
amples. In order to accomplish this in the most practical way, 
I judged it best to insert in suitable places short theoretical chap- 
ters, to which reference could thereafter be made. 

, In 1900 a German edition of this book appeared; and now the 
is rendered into English by the painstaking work of Dr. 
Cooper. This translation is based on the original Dutch edition 
as well as on Dr. Manchot^s Gennan version of it; however, the 
book, as it stands, is completely revised and supplied with many 
additions by the author. I am indebted to Dr. Cooper also for 
a number of improvements especially adapting the book to the use 
of American and English students. 

A. F, Holleman. 

Groningen (Netherlands), 

January, 1902. 




NOTE TO THE SECOND EDITION. 


In the preparation of this second English edition the entire 
text has been carefully re-examined by the author and numerous 
additions have been made. Great assistance has been derived 
from the friendly comments of various readers and teachers. The 
number of those to whom indebtedness is felt is unfortunately so 
large as to preclude personal mention. 

The entire resetting of the book has made it possible to in- 
corporate all changes that seemed desirable. A special effort 
has been put forth by the author and translator to make the ex- 
position of theory more lucid. 

Notwithstanding the appearance of differential formulas in the 
book; it is belieA'ed that a student who is unfamiliar with the 
calculus should have little difficulty in understanding the mean- 
ing and use of such formulae, provided he is willing to take the 
author's word for the solutions of the equations. 

References in the text to “Organic Chemistry” refer to the 
companion volume of this work, HoLimivtAN’s “lext-book of 
Organic Chemistr}' ” translated by Walker and Mott. 

H. C. C. 


Sybacuse IJniversity, 
June, 1905. 
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INORGANIC CHEMISTRY. 


INTRODUCTION. 

1. Chemistry is a branch of the natural sciences, — the sciences 
which deal with the things on the earth and in the outside universe. 
The knowledge of these things is obtained by observation with 
our senses, this being the only means we possess. It is well to 
understand, therefore, that we know not the things themselves, 
but simply the impressions 'which they make u]X)u our seirse-organs. 
When w^e see an object, we perceive, in reality, only the effect on 
our retina; if we feel the object, it is not the body itself but the 
excitement of the sensory nerves of touch in our fingers that we are 
made aware of. Henee it may be fairly asked whether the objects 
of which we are cognizant are really just as we perceive them, or 
whether they even exist at all outside of our person. The natural 
sciences leave this problem out of consideration — its solution is tlie 
task of speculative philosophy. In reality they arc not concerned 
with the objects, which in themselves we cannot know, but with 
the study of the sensations that we receive. The sensations take 
the place of the objects, and we regard them as such. 

2. The Scientific Investigation of Things. — What is to l:)e 
understood by the term? In the first place, a most accurate 
descriplion of the objects. From a study of this it is found that 
many objects resemble each other to a greater or less degree, and 
it is therefore possible to make a classification, i.e. an arrangen’ient 
of like objects into groups and a separation of the various groups 
from each other. By the descriptive method we are finally able 
to divide the natural sciences into Zoology, Botany, Mineralogy 
and Autonomy. 

3. In the second place, scientific investigation includes the 
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Study of the relations which the objects bear to each other; in 
other words, the study of phenomena. The heavenly bodies move 
towards each other; water turns to ice on cooling; wood burns 
when heated. It is the task of the natural sciences to accurately 
observe and describe such phenomena, i.e. to ascertain in what 
way the heavenly bodies change their relative positions, what 
conditions affect the freezing of water, what becomes of the burn- 
ing wood, under what conditions it can burn, etc. 

The description of the phenomena leads to a different division 
of the natural sciences than the description of objects, viz., a divi- 
sion into Physics j Chemistry and Biology, the latter being the study 
of vital processes, and including Physiology, Pathology and Thera- 
peutics. 

4, The human mind, in pursuing the scientific study of nature, 
does not feel contented with the accurate description of objects 
and phenomena; it seeks also for an explanation of the latter. 
The various attempts at explanations constitute the most im- 
portant part of science. When, for instance, we see that a ray of 
light in passing through a piece of Iceland spar is split up into two 
other rays of different properties, we strive to account for the 
phenomenon. When copper is heated in the air, it turns into a 
black powder; the question again arises, why this thing is so. In 
searcliing for an explanation of the phenomena we thus endeavor 
to penetrate deeper into the essence of things than is possible by 
direct observation. Although the phenomena themselves are 
found to be unchangeable, our explanation of them may be modi- 
fied as our knowledge increases. The transformation of copper 
into a black powder on heating in the air was formerly explained 
by the supposition that something left the metal; subsequently, 
when the phenomenon was better understood, by assuming that 
the copper takes up something from the air. 

Scientific investigation pursues in general, then, the following 
course: A phenomenon is observed and studied as carefully as 
possible. Thereupon an explanation of it is sought. A hypoth- 
esis is set up. From this conclusions can be formed, some of 
which can be tested by experiment. If the latter really leads to 
the expected result, the hypothesis gains in probability. If it is 
subsequently found to explain and link together a whole series of 
phenomena, it becomes a theory* 



PHYSICAL AND CHEMICAL PHENOMENA. 3 

The nineteenth century was an era of great prosperity for 
scientific inquiry. For numerous phenomena explanations have 
been found which possess a great degree of probability. Still it 
cannot be denied that the present theories penetrate only a little 
into the real essence of things, and the investigator very soon 
stumbles upon questions whose explanation does not at present 
even seem to be a possibility. The chemical process that goes on 
when copper— to retain our former example— is heated in the 
air is weU known. However, the deeper question, why the action 
takes place just so and not otherwise, or why the resulting 
powder is black, still awaits a satisfactory answer. 

5. We observed in the preceding paragraph that the natural 
phenomena are found to be unchangeable. The movement of the 
planets, for example, still takes place in the same manner as in the 
times of the Ptolemies; whenever water turns to ice the same 
increase of volume is to be observed; the crystal form of common 
salt, whenever and wherever examined, is invariably the same; 
from the burning of wood the same products are always obtained; 
the microscopic structure of the leaves of one and the same plant 
is never found to vary. This general principle finds its expression 
in the phrase, constancy 0/ natural phemmem. Every one is con- 
vinced of its truth, and it is tacitly accepted as the basis of every 
natural scientific investigation. If, for example, one has measured 
the angles which the faces of a soda crystal form with each other, 
he considers it certain that all soda crystals must show the same 
angles, at whatever time or place they may be measured. If it has 
once been determined that pure alcohol boils at 78° under normal 
pressure, it is forthwith assumed that this must be the case with 
all alcohol, no matter how it may be obtained or when and where 
it may be tested. 

PHYSICAL AND CHEMICAL PHENOMENA. 

6. It was stated above (§ 3) that the description of phenomena 
leads to a division of the natural sciences into Physics, Chemistry 
and the study of vital processes (Biology). In defining the province 
of Chemistry Biology may be left out of consideration; however, 
it is desirable to compare the field of Chemistry with that of 
Physics. In general it may be said that Physics deals with the 
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temporary^ Chemistry with the lasting, changes of matter. By 
matter or sitbstance we understand the objects without reference 
to their form. Iron, marble, sand and glass ate kinds of matter, 
or svhstancesj independent of their external shape, 

A couple of illustrations may make this conception of temporary 
and lasting changes clear. 

(a) A platinum wire glows when held in a colorless gas-flame. 
On removal it cools off and no change is visible. This is a physical 
phenomenon; the change, the glowing, is of a temporary sort. So 
soon as the cause of the change is removed, the wire resumes 
its original condition. When some magnesium wire is held in the 
flame, it burns with the emission of a brilliant light and turns into 
a white pow^der, which is wholly different from the substance 
magnesium. Here a lasting change has occurred; w^e have to do 
with a chemical phenomenon. 

(b) Again, we may take two white crystallized substances, naph- 
thalene and cane-sugar, and heat each separately in a retort with 
receiver. The naphthalene at first melts; on continued heating it 
begins to boil, then distils over and condenses in the receiver. The 
distilled naphthalene resembles the undistillcd in every respect. The 
substance has, as a result of heating, undergone physical changes — 
melting, change to vapor and, finally, return to the solid state. The 
cane-sugar behaves differently. Here also a melting is observed at 
first, but soon the sugar turns darker; a brownish liquid distils 
over; a peculiar odor is noticeable and at last there remains in the 
retort a charred, porous mass. Tlie cane-sugar suffers a lasting 
change on being heated. In this case we have a chemical change. 

(c) As a third and last example we may consider the behavior 
of a metallic wire on the one hand and that of acidulated water 
on the other, when an electric current passes through them. The 
wire displays otlier properties so long as the current is on. If 
the latter ceases, the wire returns to its original condition. This 
is a physical action. In the acidulated water, however, the current 
induces an evolution of gas, and this gas arising from the water 
has properties entirely different from those of the water. A lasting 
change in the substance has occurred ; a chemical action has taken 
place. 

A sfuirp distinction between physical and chemical phenomena 
is often— as will be seen later— very difficult to make. 
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CHEMICAL OPERATIONS. 

7. In order to avoid repetitions it seems advisable at this point 
to describe briefly some of the commonest chemical operations. 

Solution.— When sugar, salt or saltpetre, for example, is put 
into water, the solid substance disappears and its taste is taken 
on by the water. The substance has dissolved in the water. There 
is a definite limit to the solubility of each of these, for, if the tem- 
perature is kept constant and more of the substance is gradually 
added, a point is finally reached when the water will take up no 
more. The solution is then saturated. The solubility of most 
solids increases with the temperature. Moreover it is very differ- 
ent with different substances, varying all the way from solubility in 
all proportions to imperceptible solubility. Thus cane-sugar is dis- 
s(.)lved in large quantity by water, while sand is practically insolu- 
ble in it. L i q 11 i d s can be either miscible in all proportions 
(water and alcohol) or only partially soluble in each other. When, 
for instance, water is shaken with a sufficient quantity of ether 
and allowed to stand, two liquid layers are fonned; the water has 
dissolved some ether and the ether some water. In most cases 
the solubility of liquids in each other also increases with the tem- 
perature. In the case of gases solubility decreases with rising 
temperature. 

Separation of a Solid and a Liquid.— This may be accomplished 
by filtration. A funnel is lined on the interior with “filter-paper ” 
and the mixture poured upon it. The solid is retained on the 
paper while the liquid passes through. Decantation is a less com- 
plete method of separation, since more liquid remains with the 
solid by this method than by filtration. However, it is evident 
that neither method affords a really complete separation. This 
can only be accomplished by washing, i.e. by replacing the por- 
tion of the liquid which remains between the solid particles by 
another liquid. If the liquid of the mixture be a salt solution, 
pure water is very effective. It is obvious that by repeating the 
washing several times the salt solution can be wholly removed. 
Suppose that 1 c.c. salt solution remains between the particles of 
the solid and that 9 c.c. water is then added. The solution is thus 
reduced to one-tenth of its original concentration. If 1 c.c. 
of this dilute solution again remains with the solid and another 
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9 c.c. water Is added, the concentration is then 10“^, or one- 
hundredth of the original concentration; after six such operations 
it would be only 10 or one millionth of the ordinal, so that the 
separation is practically complete. 

Crystallization.— If a solution is saturated in the warm and 
is then allowed to cool, the dissolved substance frequently separates 
out in the crystallized state. Advantage is often taken of this 
for purifydng crystallizable substances. 

Distillation (Fig. 1). — This operation is frequently made use 
of in working with liquids. The liquid is placed in a flask or & 
retort and heated to boiling. The escaping vapor is cooled to 



a liquid in a condenser. The latter consists of a sufficiently wide 
tube encased in a jacket, through which water flows to keep the 
inner tube cold. The condensed liquid is collected in the receiver. 
It is readily seen how volatile substances can be separated from 
non-volatile ones by distillation, e.g. water from salt, since the 
former distil over and the latter remain in the distilling-fiask. 
However, liquids of different volatility can also be separated in 
this manner. Take, for example, a mixture of alcohol and water. 
The more volatile constituent, alcohol, passes over for the most 
part in the early stage of the operation; towards the end the less 
volatile, water. If the two distillates are collected separately, an 
approximate separation results. A few repetitions of this so-called 
jraciioml distillation bring about a practically complete separation 
in many cases. 
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Sublimation.— Certain solids, e.g. camphor, when heated (at 
ordinary pressure), turn to vapor without melting. If this vapor 
comes in contact with a cold surface, the substance is deposited in 
the solid, crystallized state. It is evident that we have here another 
method of separating some substances. 

THE ELEMENTS. 

8 , When a substance (§6) is subjected to various influences, 
such as heat, electricity, or light, or is brought in contact with 
other substances, it is very often split up into two or more dis- 
similar components. As an example let us take gunpowder. 
Water is added and the whole is stirred well and gently warmed; 
after a while it is filtered, and that which remains on the filter is 
found to be no longer gunpowder, for it is uiiexplosive. On evapo- 
rating the filtrate a white crystalline substance, saltpetre, remains. 
The undissolved part is dried and then shaken with another sol- 
vent, carbon disulphide. After a time the mixture is filtered, as 
before, and there is left on the filter a black mass, consisting of 
charcoal powder. The carbon disulphide of the filtrate evaporates 
and leaves yellow crystals of sulphur. Thus we sec that, by suc- 
cessive treatment with water and carbon disulphide, gunpowder 
can be separated into three substance.s, viz. carbon, sulphur and 
saltpetre. The two former arc incapable, even when subjected 
to all the agencies at our command, of division into different com- 
ponents. Not so with saltpetre, for when the latter is heated 
strongly a gas is given off in which a glowing wooden splinter is 
at once ignited. When the evolution of gas ceases, a substance 
remains which gives off red fumes on treatment with sulphuric acid, 
something that saltpetre does not do. Saltpetre can evidently 
be broken up still farther by heating. 

If we subject all sorts of substances to a successive treatment 
with reagents of the most different kinds, we finally discover cer- 
tain ones that cannot be resolved into simpler substances by our 
present means. Such substances are called elements. Although 
the number of substances, according to § 6, may be considered as 
infinitely great, experience has taught that the number of elements 
is small. There are about severity. 

As our methods of examination improve, it may quite possibly 
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be found that the substances which the chemist of to-day regards as 
elements have no right to the name. Therefore, when we use the 
word element,” it is to be regarded as a relative term, dependent 
on the extent of our knowledge and the means at our command. In 
the history of chemistry some cases are to be found where sub- 
stances, once believed to be elements, were subsequently decom- 
posed. 

The exact number of elements cannot be definitely stated, be- 
cause, on the one hand, not all the substances that possibly exist 
may be within our reach,* and, on the other hand, it is doubtful 
whether certain substances now regarded as elements cannot be 
divided by means already known. 

The following is an alphabetical list of the elements at present 


known to exist : 

Aluminium 

Fluorine 

Neon 

Silver 

Antimony 

Gallium 

Nickel 

Sodium 

Argon 

Germanium 

Niobium 

Strontium 

Arsenic 

Gold 

Nitrogen 

Sulphur 

Barium 

Helium 

Osmium 

Tantalum 

Beryllium 

Hydrogen 

Oxygen 

Tellurium 

Bismuth 

Indium 

Palladium 

Thallium 

Boron 

Iodine 

Phosphorus 

Thorium 

Bromine 

. Iridium 

Platinum 

Tin 

Cadmium 

Iron 

Potassium - 

Titanium 

Caesium 

Krypton 

Praseodymium 

Tungsten 

Calcium 

Lanthanum 

Radium 

Uranium 

Carbon 

Lead 

Rhodium 

Vanadium 

Cerium 

Lithium 

Rubidium 

Xenon 

Chlorine 

Magnesium 

Ruthenium 

Ytterbium 

Chromium 

Manganese 

Samarium 

Yttrium 

Cobalt 

Mercury 

Scandium 

Zinc 

Copper 

Molybdenum 

(Selenium 

Zirconium 

Erbium 

Neodymium 

Silicon 



As may be seen from this list, the metals are included in the 
elements. Together with them we find a number of other sub- 
stances, as oxygen, sulphur, phosphorus, etc., that are classed under 
the term non-metah, or metalloids. To the latter class belong 
many very important substances, e.g., oxygen, an element that 

* Of the interior of the earth only a very small part is known. If we think 
of the earth as about the sizff of an orange, tlie deepest mine-shafts would not 
*even penetrate the thin yellow exterior layer of the orange-skin. 
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combines with almost all others, causing what is called combustion. 
Oxygen is present in a large amount in the air. Another non- 
metal is carbon, which is present in all organized substances, and 
is therefore a constituent of every animal and plant. Sulphur, 
which burns with a blue flame, giving off a pungent odor, and 
chlorine, a greenish-yellow gas of very disagreeable odor, which 
combines readily with most metals, are also non-metals. 

The elements occur in very unequal proportions in the part of 
the earth accessible to us. Oxygen, which occurs in air, in water, 
and in the solid part of the earth’s crust, is very preponderant, 
composing more than 50% of those portions of the earth which 
have been investigated. The elements silicon, aluminium, iron, 
calcium; carbon, magnesium, sodium, potassium, and hydrogen, 
together with oxygen, make up 99S; of the earth’s crust. There 
remains, therefore, only 1% for all the other elements. Some of 
these arc quite common, e.g,, lithium, but they almost always 
occur in very small quantities. Otliers, like niobium and tantalum, 
are found in relatively very small amounts and in isolated places. 

The following table, according to Cl.\rke, gives an approxi- 
mate summary of the quantities of the elements found in the part 
of the earth accessible to us: 


E.arf h’s Crust. 


% 

Oxygen 47.29 

Silicon 27.21 

Aluminium 7.81 

Iron 5.46 

Calcium 3.77 

Magnesium 2.6S 

Sodium.. 2.36 

Potassium 2.40 

Hydrogen. 0. 21 

TiUnium 0.33 

Carbon 0.22 

Chlorine 0.01 

Bromine 

Phosphorus O.lO 

Manganese 008 

Sulphur 0.03 

Barium 0.03 

Nitrogen. 

Chromium 0.01 


Ocean. Atmosphere. Entire Earth. 
% % % 
85.79 23.00 49.98 

25,30 

7.26 

5.08 

0.05 3,51 

0.14 2.50 

1.14 2.28 

0.04 2.23 

10.67 0.94 

0.30 

0.002 0.21 

2.07 

0.008 

0.09 

0.07 

0.09 0.04 

0,03 

77.00 0.02 

0,01 


100,00 


100.00 


100.00 


100.00 
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With the aid of spectrum anal 3 ^sis (§§ 263-267) it has been 
ascertained that the heavenly bodies contain most of the elements 
found in our earth, and also some others. 

OXYGEN. 

9 . Under ordinarj" conditions of temperature and pressure, 
oxygen is a colorless and odorless gas, wliose most noticeable 
property is its ability to set glowing substances on fire wdth the 
evolution of much light and heat. A glowing splinter of wood, for 
example, when introduced into an atmosphere of oxygen, begins 
at once to burn brightly. This action is ordinarily used as a 
characteristic test for the identification of oxv^gen. 

This gas can be obtained in various Avays. There are many 
substances which are known to evolve oxygen on heating. 

( 1 ) Mercuric oxide, when heated strongly fn a retort (Fig. 2 ), 
yields oxygen, which can be collected by means of a delivery-tube 



opening under the mouth 
water. The inside of the 
rnercurv. 


of a cylindrical receiver filled with 
retort becomes covered with drops of 


me same apparatus can be • 

potassium chlorate (chlorate of ootash^ n 
nitrate fsaltnetre^ J ^ ^ potassiun 

is a method frequently need in iriabomt;' 
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(3) Potassium dichromate or manganese dioxide, when heated 
with sulphuric acid; 

(4) Zinc oxide, when heated in a current of chlorine. 

The atmospheric air consists principally of oxygen and nitrogen. 
The following method for separating these gases was employed by 
Lavolster in 1774. He introduced some mercury into a retort A 
(Fig. 3) with a long, doubly-bent neck that opened under a bell- 
jar P filled with air and resting in a dish R of mercury. He then 



Fig. 3. —Absorption of Oxygen by Mercury, 


heated the retort steadily for several days, keeping the mercury 
almost boiling. As a result, a part of the air in P disappeared, 
and the gas remaining was found to possess other properties than 
air — it was nitrogen. At the same time the mercury had been 
partially transformed into a red powder, mercuric oxide. On 
heating the latter more strongly oxygen was obtained. 

Oxygen is manufactured large sede commgd^l^^byjjhe . 
K assner process {cf. § 

The physical properties of oxygenj" bes^s those mrfeady men- 
tioned, are as follows: Its specific gravity, assuming the density 
of air to be I, is 1.10535; taking hydrogen as unity, it is 15.88. 
A liter of oxygen at 0° and 760 mm, Hg pressure weighs 1.4296 g. 
Oxygen can be liquefied — its critical temperature being —118° and 
its critical pressure 50 atmospheres. Liquid oxygen has a specific 
gravity of 1.124 (based on water) and a boiling-point of —182.95° 
at 745.0 mm. pressure. Its color is light blue. Liquid oxygen has 
been obtained in quantities 'as large as several liters. It can even 
be preserved for some time at ordinary pressure, with the aid of a 
so-call^ vacuum-flask (Fig, 4). The latter is a v^sel enclosed 
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in an air-tight jacket, the space between the wails being evacuated. 
100 1. water at 0° dissolves 4.89 1. oxygen. The gas is also some- 
what soluble in alcohol and in molten silver. 
When the silver solidifies, the oxygen— a volume 
about ten times that of the metal— suddenly es- 
capes from solution, causing peculiar elevations on 
the surface of the silver (“spitting of silver). 

We remarkecl above (§ 7) that the solubility of 
gases in liquids diminishes with increasing tem- 
perature. A very remarkable law expresses the 
relation that exists between the solubility of a gas 
and its pressure, namely, the solubility is propor- 
iional to the pressure. This is the law o[ Henry. 
Fig. 4.— Vacuum- Tims, when the pressure becomes a-fold, the solu- 
FLASK. bility also becomes a-fold. As the mass of a gas 
which is present in a certain volume is likewise proportional to the 
pressure, the law of Henry can also be expressed thus : The volume 
oj a gas dissolviTig in a certain quantity oj a liquid is independent 
of the pressure. 

This law is rigid when the solubility of the gas is small; when 
the solubility is large, for instance 100 volumes in 1 of the liquid, 
its deviations are considerable. 

Still another formulation of this law is of value in understanding 
certain of its applications: The concentrations of the dissolved and 
undmolved portions of a gas bear a constant ratio to each other. By 
“concentration” is meant the quantity of the gas in grams per 
unit volume (cubic centimeter). 

10. Among the chemical properties of oxygen the most promi- 
nent is its vigorous support of combustion. The following are 
interesting examples: 

Charcoal glows in air only moderately and without much evolu- 
tion of light. In oxygen, however, it burns with a bright glow. 
Sulphur, which burns in air with only a small flame, burns in 
oxygen with an intense blue light. Phosphorus burns in oxygen 
with a blinding white light, A steel watch-spring that has been 
heated to redness at one end and put into oxygen, burns with 
scintillation. Zinc also burns in it with a dazzling light. In all 
these and analogous cases the oxygen, as well as the burning mate- 
rial, disappears during the combustion, while new substaq^es are 
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w.i 

formed. A lasting change therefore takes place and we have to 
do with a chemical process. The product of burning charcoal is 
found to be a gas that makes lime-water cloudy and is unable to 
support combustion; it is called carbonic acid gas. Sulphur also 
yields a gas; it has a pungent odor and is called sulphur dioxide. 
Phosphorus produces a white flocculent powder, phosphorus pent’ 
oxide. When iron -burns, a black eindery powder is formed, 
called “hammer-scale," because it composes the sparks that fly 
from the anvil. 

The question now arises as to what really occurs in the above 
cases. In the first place, it has been found that the weight of the 
product of combustion is greater than that of the substance burned. 

The increase in weight of the substance during burning can in many 
cases be easily demonstrated. For instance, a horseshoe magnet that has 
been dipped in iron filings may be hung on the lower side of a scale-pan 
and balanced by weights put in the other pan. The iron filings may be 
burned by passing a non-luminous flame under them a -few times. On 
cooling, the scale-pan attached to the magnet sinks. In a similar way one 
may demonstrate the increase of weight in the burning of copper. In 
order to prove the increase of weight in a case ^Yhe^c only gaseous products 
are formed, a candle may be burned and the combustion products, 
carbon dioxide and water vapor, collected by letting them pass over 
unslaked lime, with which both unite. 

Closer investigation has revealed the fact that the increased 
weight is due to the presence of oxygen, as well as the burned 
substance, in all combustion products. The latter are compounds 
of these substances with oxygen. The participation of oxygen in 
the burning of zinc, for example, may be proved by heating the 
combustion product, zinc white, in a tube and leading over it 
chlorine gas, whereby oxygen is driven off. The compounds of 
oxygen are called oxides, and the act of this combination is known 
as oxidation. 

When substances bum in the air, it is only the oxygen which 
combines with them. Nevertheless, the nitrogen of the air is heated 
and thus takes a part of the heat evolved in the combustion. 
Therefore the temperature of a burning object cannot rise so high 
as in pure oxygen, and, since the emission of light depends on a 
high temperature, combustions in oxygen are for this reason much 
brighter than in air. 
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in an air-tight jacket, the space between the walls being evacuated. 
100 1. water at 0" dissolves 4.89 1. oxygen. The gas is also some- 
what soluble in alcohol and in molten silver. 
When the silver solidifies, the oxygen—a volume 
about ten times that of the metal— suddenly es- 
capes from solution, causing peculiar elevations on 
the surface of the silver (“spitting of silver). 
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“concentration” is meant the quantity of the gas in grams per 
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nent is its vigorous support of combustion. The following are 
interesting examples : 

Charcoal glows in air only moderately and without much evolu- 
tion of light. In oxygen, however, it burns with a bright glow. 
Sulphur, which burns in air with only a small flame, burns in 
oxygen with an intense blue light. Phosphorus burns in oxygen 
with a blinding white light. A steel watch-spring that has been 
heated to redness at one end and put into oxygen, burns with 
scintillation. Zinc also burns in it with a dazzling light. In all 
these and analogous cases the oxygen, as well as the burning mate- 
rial, disappears during the combustion, while new substaijies are 
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formed. A lasting change therefore takes place and we have to 
do with a chemical process. The product of burning charcoal is 
found to be a gas that makes lime-water cloudy and is unable to 
support combustion; it is called carbonic acid gas. Sulphur also 
yields a gas; it has a pungent odor and is called sulphur dioxide. 
Phosphorus produces a white flocculent powder, phosphorus pent- 
oxide. When iron burns, a black cindery powder is formed, 
called “hammer-scale/^ because it composes the sparks that fly 
from the anvil. 

The question now arises as to what really occurs in the above 
eases. In the first place, it has been found that the weight of the 
product of combustion is greater than that of the substance burned. 

The increase in weight of the substance during burning can in many 
cases be easily demonstrated. For instance, a horseshoe magnet that has 
been dipped in iron filings may be hung on the lower side of a scale-pan 
and balanced by weights put in the other pan. The iron filings may be 
burned by passing a non-luminous flame under them a few times. On 
cooling, the scale-pan attached to the magnet sinks. In a similar way one 
may demonstrate the increase of weight in the burning of copper. In 
order to prove the increase of weight in a case where only gaseous products 
are formed, a candle may be burned and the combustion products, 
carbon dioxide and water vapor, collected by letting them pass over 
unslaked lime, wth which both unite. 

Closer investigation has revealed the fact that the increased 
weight is due to the presence of oxygen, as well as the burned 
substance, in all combustion products. The latter are compounds 
of these substances with oxygen. The participation of oxygen in 
the burning of zinc, for example, may be proved by heating the 
combustion product, zinc white, in a tube and leading over it 
chlorine gas, whereby oxygen is driven off. The compounds of 
oxygen are called oxides, and the act of this combination is known 
as oxidation. 

When substances bum in the air, it is only the oxygen which 
combines with them. Nevertheless, the nitrogen of the air is heated 
and thus takes a part of the heat evolved in the combustion. 
Therefore the temperature of a burning object cannot rise so high 
as in pure oxygen, and, since the emission of Light depends on a 
high temperature, combustions in oxygen are for this reason much 
brighter than in air. 
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There are two general methods of ascertaining what elements 
exist in a compound. According to the one method the compound 
is decomposed and the elements composing it thereupon deter- 
mined. This is the amlyiic method. According to the other, 
the synthetic method, the composition is found by combining 
different elements to form new substances. In the above-described 
experiment (§ 8) of Lavoisier the composition of the red powder 
is learned by decomposing it at high temperature, whereupon it 
separates into only mercury and oxygen. Inversely it was possible 
to obtain the red powder by heating pure oxygen and pure mercury 
together at a lower temperature. The former is an example of 
analysis, the latter of synthesis. 


HYDROGEN. 


II. Hydrogen is a colorless and odorless gas that is rarely found 
in the free state. The gases of some volcanoes contain it and it 
can also result from processes of decay. In combination with 
other elements, however, hydrogen is very widely distributed and 
occurs in very large amount (§ 8). 

Hydrogen can be prepared in various ways. In the first place, 
hydrogen compounds can be broken up. 

(1) Water is decomposed by the electric current, hydrogen 
.l^eing evolved at the negative pole (cathode). 

(2) PaMum-liydEQgerLis broken up by heat into palladium 
and hydrogen (see § .315). 

^ The ordinary methods of preparing hydrogen depend on the 
indirect decomposition of hydrogen compounds, i.e. their reaction 
with other substances, The following are examples of this sort: 

(3) The action of zinc on dilute sulphuric acid (§ 89). This is 
the ordinary method (see Fig. 6, p. 19). 

(4) The action of-zinc or aluminium filings on caustic potash 


potassium on water or alcohol. 

(6) Magnesium powder, when boiled with water, also evolves 
_ y rogen, especiahy when some chloride of magnesium is dissolved 

rf f magnesium 

oxide which forms on the surface of the metal. Likewise red-hot 

^ rsoir”'®" ' of hydrogen (com- 
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12. The physical properties of hydrogen are these: It is the 
lightest of all known substances, its specific gravity (air=l) 
amounting to only 0.06949. One liter of hydrogen at 0° and 
760 mm. Hg pressure weighs 0.0899 g. Its lightness renders it 
useful for inflating balloons. It is very hard to liquefy. In 1898 
Dewar succeeded in obtaining hydrogen as a coherent liquid in 
quantities of 50 c.c. by cooling the gas, which was under a pressure 
of 180 atmospheres, to -205"^ (by the rapid evaporation*of liquid 
air in a vacuum) and then reducing the pressure greatly by allow- 
ing the gas to escape through a fine aperture. The mechanical 
theory of heat teaches that the expansion resulting from such a 
sudden release of pressure involves a considerable absorption of 
heat and therefore a very great depression of temperature. The 
critical temperature of hydrogen lies 30-32° above the absolute 
zero (—273°) and the critical pressure is only 15 atmospheres. 
Liquid hydrogen is colorless. It boils at —252.8°. Its specihe 
gravity, with reference to w'ater, is only 0.07 at its boiling-point 
and 0.086 at its freezing-point, being therefore considerably less 
than that of all other known liquids. Dewar further succeeded 
in condensing hydrogen to the solid state by allowing the liquid 
to evaporate quickly at 30-40 mm. pressure. The melting-point 
of solid hydrogen is about 16° (absolute temperature). The heat 
of evaporation of liquid hydrogen is very high, being 200 cal.; 
for this reason a flask containing liquid hydrogen soon becomes 
covered with a layer of liquid air, which in a little while solidifies. 

Hydrogen is slightly soluble in water, 100 1. water dissolving 
2.15 1. of the gas at 0°. Alcohol takes up somewhat more. 

13 . Chemical Properties.— Eydro^en does not unite with as 
large a number of elements as oxygen. At a higher temperature 
it displays a strong tendency to unite with oxygen, burning with 
an almost colorless and a very hot flame to form water. This 
property serves for the identification of hydrogen gas. 

When a current of hydrogen is directed upon very finely divided 
platinum (spongy platinum or platinum black, § 316), the hydrogen is 
ignited. This is due to the condensation (occlusion) on the platinum 
sponge of oxygen, which in this condition. is able to unite with hydrogen. 
The platinum suffers do change. A chemical action of this sort, i.e. one 
which is apparently brought about by the mere presence of a certain 
substance, is called a caicdytic, or contact, action. In the great majority 
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of such cases, however, it has been found that the catalyzing substance 
(catalyzer) probably has some part in the reaction (here, for example, by 
the condensation of oxygen), but appears at the end of the process 
unchanged. The catalyzer may either hasten or retard a reaction. 

The high temperature of the hydrogen flame is made use of in 
fusing platinum, quartz, etc., and in the Drummond lime-light. 

In the latter oxygen is forced into a hydrogen flame, which is 
directed on to a piece of quicklime. The intense heat causes the 
latter to glow brilliantly. 

Such a flame is known as an oxyhydrogen flame. An apparatus 
{oxyhjdrogen hlmr/pi'pe) like that represented in Fig. 5 is required for 
producing it. The hydrogen enters at If ami passes out at a, w^here it is 
lit. Oxygen is blown into the flame at S, Thus the gases do not mix 
till they reach the flame, and the possibility of an explosion is avoided. 



Fig. 5. — Oxyhydrogex Blowpipe. 


A mixture of hydrogen and oxygen, especially in the proportion 
of 2 vols. H and 1 vol. 0 {deiomting-gas),^ when ignited, turns 
instantaneously to steam; in other words, it explodes. This ex- 
periment can, however, be perfonned harmlessly by using a wide- 
mouthed cylinder of not too great dimensions. ' A loud report is 
heard in this case, because the steam at the moment of its forma- 
tion occupies a much larger volume at the high temperature of the 
combustion than the mixture of the original gases, and as a result 
the air is suddenly ejected with violence. When the explosion 
occurs in a closed vessel, no sound is heard (c/. e.g. Fig. 12, p. 27). 

The temperature to which detonating-gas must be heated to 
explode is found to be about 700°. At a lower temperature com- 
bination between hydrogen and oxgyen also takes place, but not 
instantaneously, as in explosions; the lower the temperature, the 
slower the process. When, therefore, no change in cold detonating- 
gas is observed even in the course of several years, we must attribute 
the fact to the extraordinary slowness of the process at ordinary 
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temperatures. A simple calculation will make this plain. 
Bodenstbin observed that, when detonating-gas is heated at 
509° for 50 minutes, 0.15 of the whole is changed to water. Now 
it is a general rule that, when the temperature sinks 10°, a chemi- 
cal reaction becomes about twice as slow; at 499° it would thus 
take 100 minutes till the 015 part of the gas had formed water. 
At the ordinary temperature, say at 9°, it ^yould be 50X2^'’ minutes, 
that is about 1.06X 10^^ years. The same can be said of all chemi- 
cal reactions. When we see that wood, sulphur, etc., burn quickly 
at higher temperatures, we must admit that oxidation takes 
place also at ordinary temperatures, though so slowly that we 
cannot perceive it. Moissan, however, succeeded in proving 
that charcoal at 100° and sulphur at ordinary temperatures are 
oxidized very slowly in a current of oxygen. 

Hydrogen is not only able to unite with free oxygen, but it also 
has the power to withdraw oxygen from many of its compounds. 
The action of hydrogen on a compound is called, in general, 
reduction. This action is often a very useful means of determining 
whether a compound contains oxygen, since the latter, if present, 
will usually unite with the hydrogen to form water. Copper oxide 
may serve as an example of the application of this method. A 
little is placed in a tube, hydrogen is led over it, and heat is then 
applied ; one soon sees the black oxide change to red copper, and 
water depositing in drops on the colder parts of the tube. Many 
other oxides can be similarly reduced, e.g. iron oxide, lead oxide, 
etc. 


THE CONSERVATION OF MATTER. 

14. The quantitative relationships in oxidizing and reducing 
processes, such as have been discussed in § 13, i.e. the relations 
of the masses of the substances participating in the changes, may 
be used to elucidate a very important law. A definite amount of 
copper powder, for example, may be placed in a tube and the 
weight of the tube with the powder ascertained. Oxygen is then 
led over the copper at a high temperature. The apparatus should 
be so arranged that the volume of the oxygen which combines with 
the copper can be measured. When the oxidation process has 
proceeded for some time, the tube containing the oxidized copper 
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is allowed to cool and then weighed. The weight is found to have 
increased, and the increase is just equal to the weight of the volume 
of oxygen used up. Thereupon hydrogen is passed through the 
tube with the copper oxide and heat applied. Here also arrange- 
ments should be made for measuring the volume of hydrogen con- 
sumed in reduction. The reduction is allowed to go on until all the 
copper oxide is transformed back to copper. When the tube and 
powder are subsequently weighed, they will be found to have re- 
assumed their original weight. The water that forms can be 
absorbed by a substance like quicklime or concentrated sulphuric 
acid and weighed. It will be found eqnal in weight to the loss of 
weight of the copper oxide on changing to copper plus the weight 
of the consumed hydrogen. 

In these cases, therefore, the combined weight of the reacting 
substances before and after the reaction is the same. Copper 4* 
consumed oxygen weighs just as much as copper oxide; copper 
oxide + consumed hydrogen weighs just as much as copper + water; 
and, finally, the regained copper weighs just as much as that origi- 
nally taken. The substances can be changed into different states, 
but their weight remains unaltered. This phenomenon is observed 
without exception in chemical actions, and we therefore accept as a 
law the statement that matter is indestructible, or that no matter 
can be lost or gained. This principle was introduced into chemistry 
by Lavoisier (1743-1794;, 


The old Greek philosophers were already firmly convinced of the 
impossibility of producing or destroying maUer. In aU ages this belief has 
been the basis of philosophic thought. To Lavoisier is due the credit 
of having demonstrated the practical application of the principle of the 
indestructibility of matter, lie assumed that gravity is an inseparable 
attribute of all matter-concerning which a great deal of doubt still 
existed-and that the combined weight of the substances concerned 
must therefore be the same before and after a chemical reaction. 

The theory of knowledge teaches that the principle of the indestructi- 
bility of matter lies originally at the basis of our thinking. It is entirely 
mcmrect to suppose that it was established by experimentation; on the 
r aWfaMh experimental resulta by aacertain- 

tnnT-^ I ' K be easily under- 

tood ,n he above case of the oxidation and reduction of copper In per- 

his experiment one finds that the weight of copper + oxyge^is 
n.t exactly equal to that of the copper oxide formed. eL L 
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repetitions slight differences are still found. Because we feel that there 
must be absolute equality, we attribute these differences to imperfections 
in our instruments, and we consider our instruments improved if they 
enable us to approach nearer the complete equality, of the weights before 
and after the experiment. Nevertheless, we are unable to really observe 
an absolute equality. 


WATER. 

15 , Water was regarded as an element for many centuries. Not 
until 1781 did Cavendish discover that, when a mixture of hydro- 
gen and air or oxygen explodes, water is formed. Being, how- 
ever, a supporter of an erroneous theory (§ 106), he- failed to realize 
the importance of his discovery, Lavoisier in 1783 repeated this 
experinient and comprehended it as a synthesis of water, as we still 
do to-day. 

With the aid of the apparatus pictured in Fig. 6 , this synthesis 
can be easily demonstrated. The hydrogen is generated in the 



two-necked (Woulfp) bottle from zinc and sulphuric acid. In 
order to free the gas from water vapor, it is passed through the 
horizontal tube, which contains chloride of calcium or bits of 
pumice-stone soaked in sulphuric acid. The dry gas is ignited 
and, as it burns, water is gradually deposited on the walls of the 
bell-jar. 

In addition to this direct synthesis from its elements there are 
other ways of obtaining water. For example, many compounds. 
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such as the blue crystals of copper vitriol, give off water when'”' 
heated. 

The formation of water by the action of hydrogen on oxygen 
compounds was illustrated (§ 13) in the reduction of copper oxide. 
On the other hand, it is also produced by the action of oxygen on 
certain hydrogen compounds. This is seen, for example, in the 
burning of alcohol. 

Finally, water can result from the reaction of a hydrogen com- 
pound with one of oxygen. This is the case when ammonia gas 
(§ 111) is led over hot copper oxide. 

The synthetic methods of preparing water, such as the above- 
named and many others, possess, however, merely theoretical 
importance. Even when water is wanted in a perfectly pure 
state, natural water is resorted to. This contains solids and gases 
in solution, which must be eliminated. Its purification is accom- 
plished by distillation. An apparatus well suited to this purpose 
is shown in Fig. 7. 



Fig. 7.— PuHincATiON op Water by Distillation, 


Water is placed in the retort A, which rests over the fireplace, 
and boiled. The dissolved gases are first driven off; the hot steam 
follows, passing through the dome B into the condensing coil 
( worm”) C, which is cooled by water in the vessel D. The 
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condensed water, now pure, flows down into the bottle; the solid 
substances that were dissolved in the water remain in the retort. 
The cooler D is supplied with cold water through a tube, entering 
near the bottom, while the heated, and therefore specifically lighter, 
water flows out near the top. The steam thus meets with cooling- 
water of a lower temperature as it passes down the worm, and is 
in this way very completely condensed (principle of the counter- 
current). 

A single distillation is usually insufficient for the complete elimination 
of all gaseous and solid constituents. For this purpose the operation 
must be repeated in an apparatus of platinum (tin is less satisfactory) 
with a condensing coil of the same metal, and only the middle fraction 
collected. 

An excellent criterion for the purity of water is to be found in the 
measurement of its electrical resistance. Very pure water conducts the 
electric current scarcely at all. Kohlrausch found the conductivity at 
18° of the purest water obtainable to be k= 0.04 X lO”®, taking as a 
unit the conductivity of a body a column of which 1 cm. long and 
1 cm. square in cross-section has a resistance of 1 ohm. ThesUghtest 
traces of salts or even contact with the atmosphere cause a marked 
increase in its conductivity. 


PHYSICAL PROPERTIES. 

i6. Water at ordinary temperatures is an odorless, tasteless 
liquid, showing no color in thin layers. On looking through a layer 
26 meters thick. Spring observed a pure dark-blue color. The 
thermometer-scale of Celsius is fixed according to the physical 
constants of water, its freezing-point being called 0° and its boiling- 
point at 760 mm. pressure 100°. These two points are dependent 
on the pressure. An increase of pressure lowers the freezing-point 
(0.0075° per atmosphere). This is the reason why ice melts under 
high pressure. Water possesses the very uncommon property of 
having a maximum of density (minimum of volume) at a definite 
temperature. The volume of almost all other substances increases 
with rising temperature, but here it diminishes up to 3.945°, above 
which temperature water expands as heating continues, During 
the transformation of water to ice the volume increases consider- 
ably. One vol. water at 0° yields 1.09082 vol. ice of the same tem- 
perature. 
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The specific heat of water is greater than that of a vast majority 
of other substances. Its latent heat of fusion is 79 Cal, its latent 
heat of vaporization 536 Cal. Water is extensively used as a sol- 
vent. Numerous substances dissolve in it to a greater or less degree. 
There are many liquid substances that mix with water in aU pro- 
portions^ and many, also, which do not. (See § 7.) 

The remarkable physical properties of ^vater play a very important 
role in nature. As this subject is extensively discussed in physics, 
meteorology and geology, wc can pass over it here \6ry briefly. The 
marked increase of volume during the transformation of W'ater into ice, as 
a result of which the specific gravity becomes less, is the reason, w'hy ice 
floats and the w'ater below remains liquid. The temperature of the 
deepest layers of water very seldom gets lower than 4° C., for, w’hen a layer 
reaches this temperature, it is at the point of greatest density and there- 
fore sinks to greater depths, where it is protected from farther cooling 
by the poor conductivity of the upper layers. These two phenomena 
together prevent the entire freezing of the rivers and seas in winter to a 
solid ma.ss of ice, which would necessarily take place if ice w^ere denser 
than w^ater and the maximum density point of water w^ere not above 0°, 
The fact that water freezes merely at the surface not only makes the 
existence of water animals possible, but is also of very great influence on 
the climate. If every body of water froze solid in winter, the heat of 
summer would be insufficient to melt all this ice, the latent heat of fusion 
and the heat capacity of water being so great. In our present temperate 
zone there wmuld be a climate like that of the polar regions, and a large 
part of Europe w^ould therefore be uninhabitable. 

The expansion, of water on freezing is moreover a very important 
factor in the disintegration of rocks. During rains, etc., the w^atcr perco- 
lates into the cracks of the rocks and, if it freezes, the force with which it 
expands is so great that the cracks are gradually widened, until the rock 
at last falls to pieces. 

Then, too, as a solvent, water affects the minerals in various ways. In 
this respect also it is a very substantial geological factor. 

NATURAL WATER. 

17. Water, as it occurs in nature, is by no means chemically 
pure. It may contain solid matter in suspension as well as sub- 
stances, either solid or gaseous, in solution. The purest natural 
water is rain~vxiter. This has really passed through a natural 
process of distillation, the water on the earth's surface being vapor- 
ized by the sun’s heat and condensed again by contact "with colder 



NATURAL WATER, 


23 


portions of air, whereupon it falls in the form of rain. Neverthe- 
less it contains dust particles (in large cities more, of course, than 
in the country) and gases from the air, as well as traces of ammo- 
nium salts. 

Spring- and well-^iers contain in 10,000 parts about 1-20 parts 
solid matter, consisting largely of lime salts. Well-w^ater that con- 
tains much lime is called hard (§ 259). Well-water also contains 
some carbonic acid and air in solution, both of wduch give it its 
refreshing taste; distilled water tastes flat. 


Natural water is used extensively for drinking purposes. ^Vhen it 
comes out of a soil that is contaminated by decaying organic matter, as is 
the case in many large cities, it is injurious to health, principally on 
account of the presence of bacteria. It can be freed from these by 
filtration through a Paste ur-Chambbrland porcelain filter (Fig, 8). 

This eojisists essentially of a hollow^ cylinder of porous porcelain (called 


a “ candle ’') A, through whose avails the water is forced by its own pres- 


sure. The lower end of the candle opens into 
the nozzle. 

In large cities it has been found much more 
practicable to purify the w^ell- or river- water at 
the central station and to pipe it t lienee to the 
various houses. Epidemic diseases have really 
decreased remarkably since the introduction of 
this method. 

A water which contains so many substances in 
solution that it has a definite taste or a therapeu- 
tic effect is called a mineral water . There are very 
many kinds of mineral waters, differing accord- 
ing to the amount and kind of dissolved matter 
they contain. We distinguish between saline 
waters containing common salt, bitter 
waters with magnesium salts, sulphu- 
rous waters with sulphuretted hydrogen, 
carbonated waters with carbonic 
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^icid, chalybeate waters with iron, Chamberland 
* Filter 

and many others. Detailed analyses of the 


mineral waters of numerous watering-places are accessible in 


works on balneology. 

Sea-miter contains about 3% of saltS; of which 2.7% is common 
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salt. A large number of elements, viz., about thirty, have been 
found in sca-water, although the most of them exist there only in 
extremely small quantities. 

It was stated above (§ 16) that pure water is blue. The color of the 
rivers, lakes and seas varies, however, through many nuances from pure 
blue to brown. This variation is due principally to the presence of more 
or less brownish-yellow humous (marshy) substances or an extremely 
fi/ie doating slime. Both conditions can produce a bro'miish-yeJlow 
color. It is easily seen how the combination of blue and yellow or brown 
may bring about the various blue, green or bro\m tints in natural waters. 


COMPOSITION OF WATER. 

i8. Decomposition.— It was stated above that water can be 
obtained by direct combination of hydrogen and oxygen; inversely, 
it can be decomposed into these same elements. 

In the flask A (Fig. 9) some water is heated till it boils vigorously. A 
strong electric current is then sent through the wire ach,so that the fine 
platinum wire c glows intensely. This heat partially decomposes the 



Fic. 9.— Decompositton of Water bt Glowing Platinum. 


water vapor into hydrogen and oxygen, which paaa out through the tube 
d and are co lected m the cylinder C. This gas mixture is nothing but the 
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Many metals decompose water on contact, the hydrogen being 
set free and the metal uniting with the oxygen. Potassium and 
sodium effect this decomposition at ordinary temperatures (§ 11 ); 
iron, zinc and other metals require a higher temperature, iron, 
e.g., acting at red heat. 

19 . Let us now study the quantitative composition of water, 
i.e. determine the relative amounts of hydrogen and oxygen present. 
For this purpose both the amlytic and synthetic methods can be 
used. 

(а) The A7iahjtic Method . — AVhen an electric current is passed 
through water to which has been added a little sulphuric acid, the 
water is decomposed. If the gases evolved at the electrodes are 
' collected separately, it is found that for every 1 vol. oxygen 2 vols, 
hydrogen are given off. A suitable apparatus for this experiment 
is shown in Fig. 10. 

Since 1 liter of hydrogen weighs 0,0899 g. and 1 liter of oxygen 
weighs 1.4296 g., both at 0° and 760 mm. 
pressure, the weights of 2 vols. liydrogen 
and 1 vol. oxygen must bear to each 
other the ratio of 2X0.0899 : 1.4296, or 
1 : 7.943. 

( б ) The SyrUhetic Method . — As early 
as 1820 the reduction of copper oxide by 
hydrogen was employed for this purpose 
by Berzelius; in 1834, also, by Dumas 
and Stas. A weighed amount of care- 
fully dried copper oxide is heated in a 
current of hydrogen and water is formed, 
w^hich is collected and weighed. The 
weight of the oxygen given up by the 
copper oxide is found from the difference 
between the weight of the copper oxide 
used and that of the resulting copper. 

The weight of the hydrogen contained 
in the water collected is therefore equal 



to the difference in weight of w’^ater and 
oxygen. 


Fig. 10.— Electrolysis 
OF Water. 


The apparatus used for this experiment is represented in Fig. 11. 
In A the hydrogen is generated from zinc and dilute sulphuric 
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acid. It is then passed through the permanganate solution in the 
wash-bottle B to free it from impurities, and also through the U- 
tubes C, D and E, containing calcium chloride, sulphuric acid and 
phosphorus pentoxide, respectively, for drying it. In F is placed 
the copper oxide, which is carefully weighed together with the tube. 
The water that forms is condensed in (?, the U-tube H being 
attached to absorb any escaping water vapor. At the completion 
of the experiment, F, with its contents, is again weighed, likewise 
G and H; the differences in weight indicate the amount of water 
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mimug in what deter- 

pose an apparatus (Fiv m describe iT^ w"'*®' P“''' 
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a stop-cock at the top: the cock is thereupon closed and the open 
arm tightly stoppered with a cork. The 
mixture is then exploded by an in- 
duction spark, the volume of air en- 
closed on the other side acting as a 
cushion to moderate the severe shock 
on the mercury, which might otherwise 
break the apparatus. It is found that 
only when the volumes of hydrogen 
and oxygen bear to each other the ratio 
2:1 does the entire gas mixture dis- 
appear, a slight coating of tiny drops of 
water appearing in its place on the 
inside of the glass. In case more hy- 
drogen or more oxygen than the ratio 
calls for is let into the tube, the excess 
is found to remain after the explo- 
sion. 

From these experiments, analytic and 
synthetic, it follows that water has a Fig. 12.— Hofmann’s Ap- 

^ ... v • i r n 1 PARATUS FOR THE SyN- 

constani composition; it consists oi 2 vols. thesis of Water, 

of hydrogen and 1 vol. of oxygen, or 

of 1 part, by weight, of hydrogen to 7.943 parts of oxygen, 

COMPOUNDS AND MIXTURES. 

20. In water we have become acquainted with a substance which 
is different in many and important respects from the elements of 
w'hich it is composed. We have further seen that the elements in 
it bear to each other a fixed relation by weight. Such substances 
are known in very large number. Copper oxide, mercury oxide, 
sulphuric acid, potassium chlorate, common salt, soda and many 
others already mentioned belong to this class. In each of these, 
no matter how obtained, we discover by analysis or synthesis a 
definite proportion between the elements composing it. Such sub- 
stances are called compounds. 

In addition to the characteristics mentioned — difference of prop- 
erties from those of the elements and constant composition— we 
find that the compounds also have constant physical properties. 
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under the same pressure water always has the same melting-point 
and the same boiling-point, in whatsoever way it may have been 
obtained; salt always crystallizes in the same crystal system; soda, 
at a definite temperature, always requires the same amount of water 
for solution, etc. 

! When elements or compounds are brought together without any 
chemical action on each other taking place, we have a mixture of 
these elements or compounds . ) The number of possible mixtures is, 
of course, unlimited. They are distinguished from compounds bv 
the following characteristics ; 

In a mixture the properties of the components reappear in many 
and important respects. (1 unpowder, for example, is a mixture of 
sulphur, charcoal and saltpetre. The latter is soluble in water; 
sulphur dissolves in carbon disulphide; charcoal is insoluble in both, 
iliese properties are still evident in the constituents of gunpowder. 
In a mixture of sulphur and iron filings one can detect with a micro- 
scope the yellow grains of sulphur and the black particles of iron. 
The iron can be drawn out with a magnet; the sulphur dissolved 
out by (tarbon disulphide. If, however, a mixture of 7 parts iron 
and 4 parts sulphur is heated, a glow parses through the powder 
and a compound of both— iron sulphide— is formed, whose prop- 
erties are entirely different from those of its elements. It Is non- 
magnetic and insoluble in carbon disulphide and under the micro- 
scope only a homogeneous scoriaceous mass is .seen. The constituent.s 
of a mixture, since they still preserve their properties, can often be 
separated from each other by mechanical means, e.g by the use of 

micrnscopc and tweezers, by sifting, by treatment with solvents, bv 
washing, etc. “ 


^ constituents can vary in all nro- 

I»rti<ms. here are, for example, many sorts of gunpowder dis- 

!lit«en " 'f ‘heir’ con- 

on t e other r‘T, ’™ ^ P"‘ hon. or, 

l.avem either™ ' P"‘^ are mixed, we 

the same but at T both elements, possessing hardly 

the same, but at least analogous, properties. 

Water hasrconXlThoT*'^" constant physical properties, 

of benzene and turpentin”^hn°**’ ‘•“'mg-point of a mixture 

volatile eompon .' te T 

’ *^tils off, The melting-point of 
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sulphur is constant and can be accurately determined; that of a 
mixture of tin and lead differs according to the proportion of the 
elements and is in many proportions not at all sharp, there being 
only a softening instead of real fusion. 

In the 'examples cited here the distinction between a compound and a 
mixture is well marked. There arc, however, other instances where this is 
not the case and where it is therefore very difficult to know whether one 
is dealing with a compound or a mixture. We shall meet with many 
examples of this later. There is, however, one way whereby a compound 
can be distinguished from a mixture, viz., by ascertaining whether or not 
the substaiKie, jirepared in different ways, has a constant composition. 

PHENOMENA ACCOMPANYING THE FORMATION OR 
' DECOMPOSITION OF A COMPOUND. 

The most common phenomenon of this sort is an elevation or 
depression of temperature, i.e. an evolution or absorption of heat 
(caloric effect). Sometimes the rise of temperature is so great that 
light is produced. A decomposition or a combination can be so 
violent that it causes an explosion. In other instances electricity 
may be produced by chemical action. All these facts may be com- 
prised in this statement: Chemical action results in a change in the 
energy-supply of the reacting substances. 

EXPLANATION OF THE CONSTANT COMPOSITION OF 
COMPOUNDS.— ATOMIC THEORY". 

21. It was stated that constant composition is the distinctive 
characteristic of a chemical compound. The proportions in which 
elements unite to form a certain compound are always the same. 
This Law of Constant Composition (definite proportions) was 
finally established by Proust in the ^^inning of the nineteenth 
century, and at about the same time Dalton offered an expla- 
nation of it which is still accepted and may be considered as the 
foundation of theoretical chemistry. 

This explanation involves a hypothesis as to the constitution 
of matter. It is possible to regard matter as infinitely divisible; 
according to human conception the smallest particle that can really 
be obtained is still capable of division into an infinite numbei- of 
others. However, even the ancients were of the opinion that there 
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must be somewhere a limit to the divisibility and that we must 
finally arrive at particles incapable of farther division, the atoms. 


In the fifth century b.c. there existed a school of philosophy, that 
of the Eleatics (so called from the city of Elea), whose most prominent 
representative was Pahmenides. He taught that everything that 
exists cannot be otherwise conceived than as unchangeable; trans- 
formation of the existent, which was thought to have never originated 
and to be at the same time unalterable, w'as held by them to be incon- 
ceivable. These theses they regarded in a certain sense as axioms, 
i.e. statements of truths which aie accepted without proof. Daily 
experience teaches one nevertheless that transformation does occur in 
that which exists, a fact that led them to suppose that everything 
observed by men is merely appearance. 

Three theories were proposed in the same century which aim to 
form a bridge between the doctrine of the unalterable existent and the 
experience that {wints toward continuous change. These theories 
originated with Empedocles, Axaxagoras, and the Atomisis, Leucippus 
and Demucrites. The immutability of the existent is disfiosed of by 
ascribing it to extremely small unchangeable and indestructible particles; 
e\ciy cliange is thought to depend on the movement of these smallest 
integral particles toward or away from each other, Empedocles and 
Anaxagoras assume in this connection an infinite divisibility the 
Atomists, on the contrary, regard the world as built up of indivisible 
consist of the same primordial substance 

out Qjftcr 111 form and size. 


. <)w Ualto.v has used this conception of the ancients regarding 
he atom to explain the faet that the combining weights are con- 
ant ihe atoms of the various elements, he assumes, have dif- 
feumt weights; the atoms of the same element are alike in weight 

In’oTT Tl by ‘be associa- 
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amount. He also showed by the investigation of mareh-gas and 
olefiant gas, both of which are made up of only carbon and hydro- 
gen, that the former contains twice as much hydrogen to a certain 
weight of carbon as the latter. It is readily seen how such observa- 
tions can be explained on the basis of the atomic theory; in one 
case 1 atom of carbon is in combination with n atoms of hydrogen; 
in the other with 2n atoms. The obsen^ations of Dalton were 
subsequently confirmed and extended, especially by Berzelius. 
The following statement is therefore now accepted as a law; When 
two elements combine to form more than one compound, the different^ 
weights of the one element which unite with one and the same weight 
of the other element bear a simple ratio to each other. This is the 
Law of Multiple Proportions. 

22 . The absolute weight of the atoms is not exactly known. 
It is so small that no one has as yet succeeded in determining 
cither the size or the weight of the atoms (or of the molecules) 
except approxiraatel}^ 

The following data may ^ve an idea of their probable magnitude: 

1. Many substances, e.g, musk and certain organic sulphur com- 
pounds, possess an extremely powerful odor. If a bottle containing 
such a substance is opened in a room for a few moments, the odor can 
soon l)e detected throughout the entire room; nevertheless, even a 
sensitive balance fails to show any perceptible decrease in the weight 
of the bottle. The extremely small amount of the substance which 
evaporates contains, therefore, such a large number of molecules that 
when these are distributed in a relatively large space, the odor can be 
detected in all parts. 

2. Far.\day prepared gold-leaf not more than 0.5X10“* mm. thick. 

Considering that this thickness must represent the diameter of at least 
one atom of gold, it is plain that the actual diameter must be under 
the above limit. ^ 

3. It is assumed that the molecules of a gas are free to move in all 
directions. As a result, the molecules must encounter each other veiy 
frequently. Moreover the length of the free ])alh through which the 
gas molecules may move without collision depends on their size. This 
free path can be calculated, as is shown in physics, from measurements 
of the diffusion, heat-conductivity and internal friction of the gases. 
When it is known, we can estimate the size of the molecules. Thus 
van der Waal8 was able to arrive at the following approximations: 
The number of molecules in 1 mm.® air at 0° and 760 mm. Hg pressure 
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is represented by a number of seventeen figures; 1 mm.® air weighs, 
however, only I.3XlO“*g. The weight of one atom of hydrogen in 
milligrams was calculated to be a number of the 10“*^ order. 


CHEMICAL SYMBOLS. 

23, The absolute weight of the atoms is thus only approxi- 
mately known. Nevertheless, their relative weights, i.e. the 
weights of the atoms of the various elements, when that of a certain 
element is arbitrarily fixed, have been determined in a variety of 
ways. These relative weights, which are known as atomic weights, 
are expressed by symbols, that were introduced by Berzelius and 
are of great convenience in the representation of compounds and 
the formulation of chemical processes. Such a symbol stands 
not only for the element concerned, but also for the relative weight 
of an atom of that element. If the atomic weight of copper is 
63.3 and that of oxygen 16, the symbol Cu indicates 63.3 parts by 
weight of copper, the symbol 0 16 parts by weight of oxygen. It 
has been determined that in copper oxide one atom of copper is 
combined with one atom of oxygen; copper oxide is therefore 
represented by the formula CuO, which expresses, first, that 
we arc dealing with a compound of copper and oxygen, and, second, 
that 1 atom (63.3 parte by weight) of copper is united in it to 
1 atom (16 parte by weight) of oxygen. Many compounds contain 
several atoms of the same element. This is indicated by placing 
the proper figtire to the right of and below the symbol. Sulphuric 
acid for example, contains 2 atoms of hydrogen (H), 1 atom of 
sulphur (S) and 4 atoms of oxygen (0) in the molecule. Its for- 
mula is, therefore, H2SO4. 

represented by the use of 
these formuk; thus the decomposition of mercuric oxide into 
ox V gen and mercury by 

Hg0=Hg+0; 

that of potassium chlorate into oxygen and potassium chloride by 
KCIO3 = KCl + 30; 

Potass, chlorate. Potass, chloride. 

the generation of hydrogen from zinc and sulphuric acid by 

Zn+H2S04=2H+ZnS0<. 
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24.3 

In such equations the same atoms and the same number of 
each must appear on both sides, in accordance with the principle 
of the Indestructibility Matter. 

Besides the atomic weights, we quite frequently use equivalent 
weights. These are the weights of the elements which combine with a 
unit amount of a certain standard element. One part of hydrogen 
combines, for instance, with 35.5 parts of chlorine and with 8 parts of 
ox)'gen. These amounts of hydrogen, chlorine and oxygen are equiv- 
alent to each other. The atomic weight is either equal to the equivalent 
weight or a multiple of it. 

STOICHIOMETRICAL CALCULATIONS. 

24. If the formulse of the compounds are known— the means of 
ascertaining these will be discussed in detail later— and the atomic 
weights of the elements composing them also known, it is very easy , 
to calculate the weights that enter into reaction in all chemical 
changes. A couple of examples may serve to make this clear. 

1. It is required to know how many liters of oxygen at 0° and 
760 mm, pressure can be obtained by heating 1 kilogram of mercuric 
oxide. 

The atomic weight of mercury is 200, that of oxygen is 16; 
mercuric oxide, HgO, is, therefore, 200 + 16. Out of these 216 
parts by weight of mercuric oxide 16 parts of oxygen can be ob- 
tained by heating, i.e. from 1 kilo ( = 1000 g.) can be obtained 

g. Since 1 1. oxygen at 0® and 760 mm. pressure 

weighs 1.4296 g., 74.07 g. occupy a volume of 

2. How muck water can he formed from the hydrogen obtained 
by the interaction of 1 kg. zinc and the corresponding amount of 
sulphuric addf 

The reaction of 2inc and sulphuric acid is -expressed by the 
equation 

Zn+H2S04=ZnS04+2H 

and the combustion of hydrogen to form water by the equation 
2H+0=H20. 

From these equations it follows that the hydrogen formed by 
the action of 1 atom of zinc yields 1 molecule of water. For every 
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atom of zinc we obtain^ therefore, 1 molecule of water. The atomic 
weight of zinc is 65, the molecular weight of water 18; therefore 
65 parts of zinc coiTespond to 18 parts of water. 1 kg. zinc must 


yield 


1000X18 

65 


=276.9 g. 


3. How rmny grams of potassium chlorate are necessary to pro- 
duce enough oxygen to oxidize 500 g, copper to copper oxide f 
The reactions concerned are 

KC103=KC1+30 and Cu4-0=Cu0. 

Hence 3 atoms of copper can be oxidized with the oxygen 
derived from 1 molecule of potassium chlorate. For every 3 atoms 
of copper 1 mofecule of potassium chlorate must be consumed. 
The molecular weight of the latter substance is 39+35.5 + 3x16 
-122.5; the atomic weight of copper is 63; for every 63 parts of 
122.5 


40.8 g. potassium chlorate are therefore required. 
500X40.8 


63 


= 323.8 g, potassium 


copper - ^ 

Hence 500 g. copper require 
chlorate. 

In most chemical computations gTam-molccuhs are employed, 
these being the molecular weights of the substances in grams. The 
abbreviation mok has been suggested by Ostwald for this term. 
Thus "1 mule” copper oxide means 63 + 16 = 79 grams of it. 

The molecular weight in milligrams is called a miOimU. In 
the same way we may speak of a kilmole, etc. 

It i.s nmv customary to take the atomic weight of oxygen as 16. 
The atomic weights of the remaining elements then have the 
values that are given in the table on the opposite page. 

The atomic weights in the table are carried out to as ma+ deci- 
a p aces as may be accepted with certainty. For many purposes 
It sufficient to use round numbers, such as N = 14, Br=80, etc. 

reason^ TorTti™ atomic weight of oxygen has a historic 

We ra 0 o r be iT it was believed 

In “f bydrogon and oxygen was 1:16. 

he comno^ti n o7^^ determined from 

and notTlT ^ = 16 

H:0 = 1;16 was cousirler A crence, so long as the proportion 

was considered accurate. Even when the ratio wii later 
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found to be a different one (according to the investigations of Morley 
the ratio^ 1 : 15.88 may now be regarded as very accurately deter- 
mined), it was still the simplest plan to preserve 0-16 as the basis, 


INTERNATIONAL ATOMIC WEIGHTS. 


Atom. 

Symbol, 

Atomic 

Weight. 

Atom. 

Symbol. 

Atomic 

Weight. 

Aluminium 

A1 

27.1 


\e 

20 

Antimony 

Sb 

120.2 

^Nickel 

Ni 

58 7 


A 

. 39.9 


' \b 

94 


As 

75 0 


N 

14 04 


Ba 

137.4 

Osmium 

Os 

191 

Bervllium 

Be 

9.1 

.. Oxygen , . 

0 

16 nn 


Bi 

208.5 


Pd 

106 .5 

Boron 

B 

11.0 

' Phosphorus 

P 

31 'O 



79 96 


Pt 

IQl 8 

Cadmium 

Cd 

112 4 


K 

39 

Ca'sium 

Cs 

132.9 

^Praseodymium. . 

Pr 

140.5 


Ca 

40.1 



225 


c 

12 00 


Rh 

103 0 


Ce 

140 25 


Rl) 

85 5 


Cl 

35.45 

Ruthenium 

Ru 

101.7 


Cr 

52 1 



1.50.3 


Co 

59.0 

Scandium 

Sc 

44.1 



63,. 6 



79.2 

Erbium 

Er 

166 

/ Silicon. 

Si 

28.4 

Iluorinp 

F 

19 

. Silver 

Ag 

107.93 

Gallium 

Ga 

70 

- Sodium 

Na 

23.05 

Germanium 

Ge 

72.5 

/ Strontium 

Sr 

87.6 

Gold 

Au 

197.2 

^ Sulphur 

S 

32.06 

Hrlium 

He 

4 

Tantalum ■ 

Ta 

183 

HyflrogftTi . . 

H 

1.008 

Tellurium 

Te 

127,6 

Indium 

In 

115 

Thallium 

T1 

204.1 

.loflino 

I 

126.97 

Thorium : 

Th 

232.5 

Iridium 

Ir 

193.0 

'Tin 

Sn 

119.0 

Iron 

Fe 

55.9 ^ 

Titanium 

Ti 

48.1 

Krvpt.nn 

Kr 

81.8 

■ Tungsten 

W 

184 

Lanthanum 

La 

138.9 

Uranium 

U 

238.5 

lipftd 

Pb 

206.9 

Vanadium 

V 

51.2 

Lithium 

Li 

7.03 

Xenon 

X 

128 

Magnesium 

Mg 

24.36, 

Ytterbium 

Yb 

173.0 

Mamrnnnfsp 

Mn 

55.0 ^ 

Yttrium 

Y 

89.0 

Merenrv 

Hg 

200.0 

^ i5inc 

Zn 

65.4 

Molybdenum 

Mo 

96.0 

Zirconium 

Zr 

90.6 

Neodymium. , . . 

Nd 

143.6 





since a change would nec^itate a complete recalculation of all the 
atomic weights, and this necessity would moreover recur as often as a 
new refinement of methods of investigation brought about a change 
in the ratio H:0. 
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CELORINE. 


25. Chlorine does not occur free in nature; since it acts upon 
the most diverse substances at ordinary temperatures. In com- 
pounds, however, it occurs extensively. Common table- salt is a 
compound of sodium and chlorine. Various other metallic chlo- 
rides are also met with in nature. 

Chlorine gas can be obtained by the direct decomposition of 
certain chlorine compounds; thus: 

1 . By the electrolysis of hydrochloric, or muriatic, acid (i.e. 
a solution of hydrogen chloride, HCl, in water). Chlorine is given 
off at the positive pole (anode), hydrogen at the negative (cathode). 

The imlirect decomposition of its compounds offers, as in the 
case of hydrogen (§11), the most practicable methods of obtaining 
the element. They are all based on the oxidation of the hydrogen 
of hydrochloric acid, whereby water is formed and chlorine liber- 
ated. 

2. Commercially, as well as in the laboratory, manganese 
dioxide, Mn02j is frequently used as the oxidizmg agent: 

MnOa 4- 4HC1 ^MnCIj + 2 H 2 O -h 2C1. 

t 

It is very often convenient to generate the hydrochloric acid 
from salt and sulphuric acid in the same vessel with the manganese 
dioxide. The two reactions thus proceed simultaneously: 

I. NaCI+H 2 S 04 -NaHS 04 -f-HCl. 

IL 4HCl+Mn02=MnCl2-f-2H20-h2a 

3. Other commonly used oxidizing agents are chloride of lime 
ami potassium dichromate; e.g. 


K2CrA+14Ha=2KCl+CrA+7H20+6a. 


• ® oxygen of the air can also serve as the oxidizing agent 

and hvdmt ^'Tl " mixtur^of air 

y g n chloride is passed over porous bricks at 370 - 400 '’ 
vliich are soaked ^th copper sulphate solution: 


2HCl+0=H20+a2. 
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This, method, which is known as the Deacon process, is used com- 
mercially, The copper sulphate is here the catalyzer. 

At the temperature of 370 - 400 ® there is practically no reaction between 
oxygen and hydrogen chloride without the catalyzer. That there must 
nevertheless be a reaction, although a very slow one, can be demonstrated 
by the same reasoning as in § 13 . The catalyzer therefore does not cause 
a reaction, but only accelerates it. Ostwald compares its action to that 
of oil on the axles of a machine which move with very great frlc-tibn. 
When oiled, the machine will go much faster, notwithstanding that the 
force of the spring (here the energy of the chemical reaction) hafe not 
changed. A farther point in the analogy is that the oil is not consumed. 

26 . Physical Properties . — Chlorine is yellowish-green (hence its 

name, which is derived from greenish-yellow') and has 

a disagreeable odor. Its specific gravity is 2.45, taking air as 
unity, or 35.45, based on 0=16. 1 1. chlorine weighs, therefore, 
3.208 g. at 0° and 760 min. pressure. At -34° it becomes liquid 
under drdinary pressure; at - 102 ° it solidifies and crystallizes. 
Its critical temperature is 146°. Liquid and solid chlorine are 
yellow'. Chlorine gas dissolves in about one-half its volume of 
water. The aqueous solution bears the name “chlorine-wmter.” 
It can, therefore, not be collected over water, but a saturated salt- 
solution may be used, in which it is only slightly soluble. The most 
convenient way to fill a vessel with it is by displacement of air, the 
gas being conducted to the bottom, w'herc it remains and drives out 
the air above, because the chlorine is denser. 

27 . Ckemical Properties . — Even at ordinary temperatures, chlo- 
rine combines with many elements ami acts on many compounds. 
If perfectly pure chlorine is mixed with an equal volume of hydro- 
gen, the two unite in direct sunlight, causing an explosion. If the 
chlorine is impure or the sunlight diffused, combination occurs 
slowly. When a hydrogen flame is introduced into chlorine gas, it 
continues to burn, with the formation of hydrogen chloride. Many 
metals combine with chlorine with the evolution of light, e.g. cop- 
per (in the form of imitation gold-leaf), finely powdered antimony, 
molten sodium, etc. The precious metals are in general quite re- 
sistive to chemical action. They are, however, attacked by chlo- 
rine and changed to chlorides, i.e. chlorine compounds. Gold, for 
iustance, dissolves in chlorine-water, forming gold chloride. 

Chlorine also unites readily witli many non-metals, e.g. phos- 
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phorus, which burns in it with a pale flame to phosphorus 
chloride. 

The tendency of chlorine to unite with hydrogen — its so-called 
chmical attraction, or affinity, for the latter— is so strong that 
chlorine abstracts the hydrogen from many hydrogen compounds in 
order to combine with it. A strip of paper dipped in turpentine 
burns with a sooty flame when introduced into an atmosphere of 
chlorine; the chlorine unites with the hydrogen of the turpentine 
and sets the carbon free. A burning candle continues to burn in 
chlorine, depositing soot (carbon) and forming hydrogen chloride. 
If sulphuretted hydrogen gas, H 2 S, is passed into chlorine-water, 
hydrochloric acid and sulphur are formed. 

Water is also decomposed by chlorine, oxygen being liberated: 

2H20-h2Cl2=4HCl + 02. 


Tl^ reaction takes place under the influence of sunlight, but pro- 
ceeds very slowly. It can be con- 
veniently demonstrated as in Fig. 13. 
A retort is filled with dilute chlorine- 
water, inverted and exposed to the 
sunlight. After a few days a bubble 
of gas collects at the top of the retort, 
and, on investigation with a glowing 
splinter, it is found to be oxygen. 



Fig. 13. — Slow Decowpost- 
Tiox OF Water by Chlor- 
ine. 


blLlmis. th !"■" substances which generate chlorine. In 

b ';. ( » or.ng .natters-usnally of an organic natur^are oxi- 

oxygen that is ornrliif^p i f ' ‘ ™ Particularly energetic action of the 
that it e.xiste in an atomic rnaio'! Yhflt“ by assuming 

~iU I. said iater 3S). P 

eomposition I*' 

-e wholly decomposed into chlorine aJd 
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HYDROCHLORIC ACID, or HYDROGEN CHLORIDE, HCl. 

28, Hydrochloric acid, of the formula HCl (§31), is a gas, 
occurring in nature in the free state, e.g. in the gases of some 
volcanoes. It forms an important, although small, part of the 
gastric juice of man and other animals. 

Some of its methods of formation have been already given (§ 28), 
viz., by direct synthesis from its elements, and also by the action 
of chlorine on hydrogen compounds. Moreover, it can also result 
from the action of hydrogen on some chlorine compounds, e.g. 
silver chloride, AgCl, and lead chloride, PbCl2, when heated in 
a current of hydrogen, yield metal and hydrochloric acid: 

AgCl + H=Ag + HCl. 

The ordinary method of preparation is by the action of a chlorine 
compound on a hydrogen compound, viz., that of salt (sodium 
chloride) on concentrated sulphuric acid: 

NaCl + H2SO4 - NaHSOi T HCl. 

Sodium Sulphuric 

chloride. acid. 

This method is employed technically as well as in the laboratory. 

The above reaction takes place at ordinary temperatures. If the 
sulphuric acid is to be completely used up, i.e. if all the hydrogen of the 
sulphuric acid is to go off with the chlorine of the salt as hydrochlorie acid, 
the temperature of the reaction must be raised {cf. also § 226 ) : 

2XaCl+ H,SO* +2HC1. 

2g. Physical Properties.— Hydrogen chloride Ls a colorless gas 
with a pungent odor. Its critical temperature is +52.3°; the 
critical pressure 86 atmospheres. Liquid hydrogen chloride boils 
at -83.7°; the solid melts at -111.1''. Specific gravity of the 
gas = 1.2696 (air = l); 1 I. HCl at 0° and 760 mm. pressure 
weighs 1.6533 g. The gas fumes strongly in the air, forming a 
cloud with the moisture of the air. It b very soluble in water, 
1 vol. water at 0° being able to absorb 503 vols. HCl gas. The 
aqueous solution of the gas is called ^^hydrochloric acid”* also 

*The gas itself is often called “hydrochloric acid gae.” 
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muriatic acid. It is manufactured commercially on a large scale 
(§ 226). Hydrochloric acid is employed almost exclusively in the 
form of this aqueous solution. A solution saturated at 15° con- 
tains 42.9% IICl and has the specific gravity 1.212; it fumes 
vigorously in the air. The ordinary pure “concentrated’' or 
“fuming” muriatic acid of commerce usually has a specific gravity 
of 1.19 and contains about 38% IICL 


Hydrogen chloride does not obey the law of Henry (§ 9) in 
its behavior towards water, for its solubility in this liquid is not 
at all proportional to the pressure. The larger part, of it is absorbed 
in water without reference to tlie pressure, and an increase of 
pressure causes only a small increase in the solubilit}^ Such con- 
duct indicates that a change in the compound has occurred; just 
what this change consists in we shall soon have occasion to con- 
sider (§§ 65, 66). IrATen hydrogen chloride is led into water till 
the solution becomes saturated, most of it undergoes this change; 
only a relatively small part exists in solution as unchanged hydrogen 
chloride, and it is this part only that is subject to Henry’s law. 
This explains why, after saturation at ordinary pressure, the 
amount dissolved increase^' much more slowly than the preiure. 

30 . The chmical properties of hydrogen chloride are found to* 
be quite different when it is in a perfectly dry condition, e.g con- 
densed to a liquid, than when it is dissolved in water. In the 

itraus. In the latter case just the contrary is true. Zinc iron 
. ml other metals, when dipped in the aqueous solution of hydrogen 
hloride, are vigorously attacked, hydrogen being given off Blue 
litmus IS turned red by the soliitin,, iv ® ^ 
tions taste sour. Now! thereto ! 'nt Tf ’ 
a similar change of properties when f), undergo 

with water and whnL.^ ^ brought in contact 

properties as those solutions possess about the same 

should be stated here, howover'^to 

<'ommon name. They are ealled’ acids t “ 

expound, d 

can result not m t r " T ““ 

a^o from the interaction of acids 
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includes compounds of the general type MOH, where M represents 
a metal. Most of them have an alkaline taste and turn red litmus 
blue. When sodium is dropped into water, hydrogen is generated^ 
and a base, sodium hydroxide, is formed: 

Na+H20 = Na 0 H+H. 

If this hydroxide is now treated with hydrochloric acid, sodium 
chloride and water are produced: 

NaOH + HCl = NaCl + H2O. 

If we indicate an acid by the general formula All and a base 
by MOH, the formation of salts from the interaction of the two 
may be represented thus: 

MOH+HA^MA+HaO. 

A third way of forming salts is by the action of an acid upon 
a metallic oxide, e.g. 

ZnO + H2SO4 = ZnS04 + H2O. 

Zinc Sulphuric Zinc 

oxide. acid. sulphate. 

In general, the bases are built up from metals, the acids from 
metalloids. 

When hydrochloric acid is added to a solution of a silver salt, for 
instance to silver nitrate, a decomposition of this salt takes place 
according to the equation 

AgNOs + HCl = HNO3 4 - A^l. 

Silver nitrate. Nitric acid. Silver 

chloride. 

The silver chloride is insoluble, and is precipitated as a white, 
curdy mass. In this reaction the hydrochloric acid has liberated the 
nitric acid from its salt. It is also possible to liberate a base from 
a salt by the addition of another base: 

AgNOg 4 - NaOH = AgOH 4- NaNOg. 

Silver Sodium 
hydroxide. nitrate. 

^uch reactions are called single, or simple, decompositions. 
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Now it can also happen that two salts exchange their metals 
when brought togetlier: 

NaCl-f AgNOa = AgCl + NaNOa; 

Sodium 

ciiluride. 

SO that two other salts are obtained. Such a reaction between 
salts is called a double decofnposition. 

We shall later have occasion to study the laws governing both 
of these decompositions. 


COMPOSITION OF HYDROCHtORIC ACID. LAWS OF GAY-LUSSAC 
AND AVOGADRO. 


31. The comjxisitioii of hydrochloric acid is determined by the 
following experiments: 

(а) When strong hydrochloric acid (a more than 23 % solution) 
is subjected to electrolysis in a suitable apparatus (see below) 
it is observed that cqml volumes of hydrogen and chlorine are 
evolved. 

(б) Equal vohiiiies of chlorine and hydrogen unite to form 
hydrochloric acid without leaving a remainder of either element. 
2 vols. flEI are fonned. Since the weight of 1 vol. Cl is 35,45 
( 0 = 16 ), hydrochloric acid must consist of 1 part by weight of 
hydrogen combined with 35.45 parts of chlorine. 


In the electrolysis of hydrochloric acid sticks of charcoal are ordinarily 
used, becau.se platinum, the substance employed in most other electrolyses, 
IS attaded by chlorine, The apparatus of Kig. 10 is also impracticable, 
since the solubility of chlorine in w'atcr increases with rising pressure 
more rapidly than that of hydrogen, and equal volumes of both gases are 
therefore not obtained. In its place we use an apparatus suggested bv 
Lothar Mkver (hg. 14 ), by which the compression of the chlorine by a 
s eadily rising column of liquid is avoided. In A hydrochloric acid is 
dectrotvzed and the hydrogen and chlorine are collected in the cylinders 
BR, which are filled wath a saturated sodium chloride solution. The 
collected ga.scs ai'e thus under diminished pressure 

The combination of equal volumes of chlorine and hydrogen can be 

m lU in res th f ^ experi- 

equires the us. of the exact proportions of chlorine and hydrogen 
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and their absolute purity, the gas mixture is prepared by electrolysis in 
the dark and exposed to the action of light immediately after the tube is 
lilled. 



Fig. 14. — Electrolysis of Hydrochloric Acid. 


The fact that hydrochloric acid gas yields a volume of hydrogen equal 
to half its own volume can also be shown in another way. When perfectly 
dry hydrogen chloride is treated with sodium amalgam — a solution of 
sodium in mercury— -the sodium combines with the clilorine, setting 
hydrogen free. The volume of the latter is then found to be half as large 
as that of the hydrochloric acid taken. 

Hydrogen and chlorine thus unite in a very simple ratio by 
volmne (1:1), and the volume of their product also bears a very 
simple ratio to that of the components (2:1:1). In discussing the 
composition of water {§ 19) we already remarked that oxygen and 
hydrogen combine in a very simple ratio by volume, viz,, 1:2. 
by carrying out this synthesis at a temperature above 100°, 
so that the steam is not condensed to water, it is found, further, 
that the volume of resulting steam bears a simple ratio to the 
volumes of its components, viz., that 1 vol. 0 + 2 vols. H gives 
2 vols. HaO. 

The following arrangement serves this purpose (Fig. 15), The 
explosive mixture is introduced into the closed arm B of the U-tube over 
mercury. B is surrounded by a glass jacket, through which the vapor of 
boiling amyl alcoh^ (generated in A) , whose temperature is about 130°, 
is passing. This vapor is condensed in C. As soon as the gas mixture 
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has reached this temperature an induction spark is flashed through, and 
it is found that the volume of steam formed is two-thirds that of the 
mixture. 



Fig. 15. Determination of the Volume Relations between Steam and 
ITS Components, 


nar was loimd above to be true for hydrochloric acid and for 
water is a general principle. Gaseous dements combine in simple 
proportions by volume, and the volume of the products fmned—in the 
gaseous stale-also bears a simple ratio to the volumes of the com- 
paruMs. This law was discovered by Gay-Lussac in 1808. 

imnnrr r’ DaLTON, leads to 

assme investigate the matter, let ,,s 

toimie that the formula of hydrochloric acid is HCl; in other 

miiiS"oTll.i ” '""I”"""!. » from He .bove «■ 

If the formula were otherwise ptrWoi i-u i 
S^olir' be L'the 
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volumes and the volume ratio in which the gases unite, we can 
determine the formula of the resulting compound. 

As to the number of atoms in equal gas volumes, there was at 
first much uncertainty. Since all gases behave exactly alike to- 
wards changes of pressure or temperature, it was reasonable to 
suppose that the number should be alike for all gases; but tliis was 
soon shown to be incorrect. In the synthesis of water 3 vols. (2 
vols. H4- 1 vol. 0) give 2 vols. of steam; hence the number of atoms 
per unit volume must be different for steam than for the uncom- 
bined elements. However, all difficulties were overcome by a 
hypothesis, which Avogadro enunciated in 1811, to the effect that 
equal volumes of all gases at the same temperature and pressure con- 
tain the same number of molecules. 

Avogadro further supposes that the molecules of oxfgen, hy- 
drogen, chlorine, and other elements consist of two atoms. The 
union of hydrogen and chlorine is then explained thus: Out of a 
molecule of each, two molecules of hydrochloric acid are formed: 

H2 + Cl2=2HCl. 

1 vol, 1 vol. 2 vola. 

The total number of molecules thus remains the same after the 
combination and, since the entire volume has suffered no change 
either, there must be just as many molecules present in each of the 
two volumes of hydrochloric acid as in each of the volumes of 
hydrogen and chlorine. 

The combination of hydrogen and oxygen takes place thus: 

2 H 2 4* O 2 ~ 2 H 2 O. 

2 vol^. 1 vol. 3 vols, 

Every molecule of oxygen has split up into its two atoms, and 
each of these unites with two hydrogen atoms. The number of 
water molecules becomes therefore twice as great as that of the 
oxygen molecules and equal to that of the hydrogen molecules; 
but, since the volume of steam is also double that of oxygen, there 
uiust be in equal volumes just as many water molecules as oxygen 
uiolecules and hydrogen molecules. 

32. It follows frjm the above that Avogadro's hypothesis is of 
^ii^portance in two respects: ( 1 ) in furnishing us a means of ascer- 
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taining the relative weights of the molecules of gaseous substances; 
(2) in putting us in a position to form an idea of how many atoms 
there are in the molecules. 

Let us examine both points more closely. As to (1): Since 
equal volumes of gases under the same conditions contain the same 
number of inokcides, the ratio of the weights of these volumes gives 
us at once the ratio of the molecular weights. If the specific gravity 
of steam is 9, based on H - 1, and that of hydrochloric acid is 18.25, 
the ratio of the molecular weights of water and hydrochloric acid 
is 9:18.25. The determination of the specific gravity of gases and 
vapors, the vapor density, become.s therefore of the greatest impor- 
tance to chemistry. The practical method of procedure is de- 
scribed in Oro. CHK^r., § 12. 

As to* (2): III order to understand how Avogadro^S hypothesis 
can furjiish an idea of the number of atoms wliich the molecules of 
elements and of compounds contain, let us return to the example 
of the synthesis of h)Tlroc]iloric acid. 1 vol. hydrogen unites 
with 1 vol. chlorine to form 2 vols. hydrochloric acid. According 
to tlie above law there must be just as many molecules present 
in the two volumes of hydrochloric acid as there were moleculc.s 
of hydrogen and chlorine together. It is evident that this is 
only possible in case the molecules of hydrogen and of chlorine 
divide into two parts. For, if the chlorine and the hydrogen 
molecules consisted of only one atom each, the volume of hydro- 
chloric acid could not, in accordance with Avogaoro’s law, lie 
double that of each of its elements, but would have to be equal 
to it. It therefore foltes that an even number of atoms must be 
present in the chlorine and in the hydrogen molecules; whether 
or not tills number is two, as Avogadro assumed, can evidently 
not yet be determined; we shall therefore represent the molecules 
of hydrogen and of chlorine by H 2 x and Clsy. From the synthesis 
of water the same conclusion is reached in regard to the oxygen 
molecule: 2 vols. hydrogen unite with 1 vol. oxygen to form 2 vols. 
steam. ^ In each of these two volumes of steam there must be, 
according to Avogadro law, just as many molecules present a- 
in the one volume of oxygen. This is likewise impossible unles- 
the oxygen molecule splits into two parts, each of which combines 
with a molecule of hydrogen, so that we obtain Hg A as the formula 
of w'ater and 02 ^ as that of the oxygen molecule. 
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33 . The formulEC for hydrochloric acid, for water and for the 
molecules of hydrogen^ chlorine and oxygen can be fully established, 
if the values x, y and z are known. These can be ascertained gen- 
erally in the following way : x must be at least equal to 1 ; if this is 
tlic case, the molecule of hydrogen becomes H 2 . That a smaller 
number of atoms is impossible is shown by the synthesis of hydro- 
chloric acid. The vapor densities of a series of hydrogen com- 
pounds, as compared with that of hydrogen, are then determined, 
from ■which we can find their molecular weights, based on the 
hydrogen molecule as unity. Thereupon these compounds are 
analyzed and the amount of hydrogen calculated that is repre- 
sented in the different molecular weights. It will then be found 
that in no case is the amount less than half of that in a molecule 
of hydrogen. Since, therefore, no compound contains less* than half 
a molecule of hydrogen, the atomic weight of hydrogen must be 
half its molecular weight, i.e. the formula of the hydrogen mole- 
cule is H 2 . Similarly it is found that the oxygen molecule is O 2 , 
that of chlorine CI 2 ; in other words, that x, y and z are all equal 
to 1 , 

Example^' (a) 1 1. hydrochloric acid w^eighs 18.25, when the 
weight of 1 1. hydrogen is 1. Now it is shown by analysis that 
18.25 parts, by weight, of hydrochloric acid contain 0.5 part of 
hydrogen. In the hydrochloric acid gas there is therefore half as 
much hydrogen per unit volume (molecule) as in a molecule of the 
latter. 

(5) 1 1. steam weighs 9, when the weight of 1 1. hydrogen 
is 1 . According to analysis and synthesis, 9 parts, by weight, of 
water consists of 1 part of hydrogen and 8 parts of oxygen. The 
amount of hydrogen containeii in one molecule of water is therefore 
equal to that in a molecule of hydrogen. The amount of oxygen 
per unit volume (molecule) in water is, however, only half a mole- 
cule, for 1 1 . oxygen weighs 16 when the same volume of hydrogen 
weighs 1. 
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RULES FOR DETERMINING MOLECULAR AND ATOMIC 

weights' 


34 » When the atomic weight of hydrogen is taken as unity^ its 
molecular weight is 2. If the specific gravity of another gas based 
on Iiydrogen is a, its molecules weigh a times as mu ch as t hose o f 
hydrogen; so that the molecular weight of this gas becomes 2a. 
The following rule has therefore been prescribed for the deter- 
mination of the molecular weight. Determine ike vapor density 
of the compound, based on hydrogen, and multiply the resvlt by 2; 
the product is the molecular weight. 

For determining the atomic weight the following holds good, 
according to § 33; Deterinine the composition of molecular amounts 
of as many compounds of the element as possible; the smallest amount 
of the element that is found in any instance is the atomic weight. 


3 $. Avogadro’s hypothesis has been confirmed from a physical stand- 
point. It is at present one of the principal laws of chemistry and physics. 
Let us briefly examine, among others, the physical arguments in its favor. 
j The molecules of bodies, solids as w^ell as liquids and gases, are in con- 
, stunt motion, the intensity of which increases and decreases with tlie 
temperature. In different substances at the same temperature there 
must be a definite relation betw^een the intensities of the molecular mo^'e. 
mentis. This relation has been successfully worked out from the theory 
in the case of gaseous substances (§ 22, 3). It has been shown that in all 
gases at the same temperature the mean kinetic energy of translation of 
a molecule is the same. 

cauld'bvr''™ I®"® the vessel is 

enl™ molecules. We will call the number of mole- 

mean 'vehidtvT fr molecule m and their . 

explanation ifq pressure— the above 

m. Moreover t accepted-must be proportional to n and 

veincitv ■ Pmssure must also 1^ proportional to for if the 
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’ ““ g^ses at the same temperature. If 



35J* DETERMINING MOLECULAR AND ATOMIC 'WEIGHTS, 49 

then V is made the same for the different gases, — or n, the number of 
molecules per unit Volume, must be the same for all gases. 

The laws of Boylt:, Gat-Lussac and Avogadro (we refer to 
the expansion law of Gay-Lussac) can be expressed in a single 
comprehensive formula, which is worthy of note because of its 
frequent use in physical chemistry. The laws of Boyle and 
Gay-Lussac are represented by the equation 

PV=R'r, or 


in which P is the pressure, V the volume and T the absolute tem- 
perature, of the gas and i? is a constant which depends on the 
quantity and the nature of the gas under consideration. The 
value of R, however, becomes the same for all gases, if molecular 
amounts of them (one mole each) are taken. For, according to 
Avogadro’s law, the 'Volume of one mole of every gas is the same 
under the same pressure and temperature. In the above equa- 
tion, then, V is constant for all gases and, since we have already 
made P and T the same in each case, it is evident that R must 
lla^’e a constant value. In other words, if w'e deal with molecular 
amounts, the equation PV=RT becomes a general expression 
of the laws of Boyle, Gay-Lussac and Avogadro. 

The value of R may be calculated as follows: Let us consider 
1 mole oxygen at 0° and 760 min. pressure. Since 1 1. oxygen 
under these conditions weighs 1.4296 g., the volume F of 1 niol is 

V = = 22.384 1. = 22384 c.o. 

1 ,42yo 

The pressure of 760 mm. mercury corresponds to a pressure of 
1033.6 g. per cm.^, i.e. P= 1033.6. At 0° the absolute temperature 
L 273°. Substituting these values in the above expression for R, 
\ve obtain 




273 
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in c.-g. units. If the pressure is expressed in millimeters of mer* 
cury, R becomes 




760X22384 

273 


=62313. 


The product PV also represents the external work which is 
done when a gas under constant pressure P increases its volume 
by V (on being heated, for instance) or when a gas being generated 
under the pressure P comes to occupy a volume V. For, if we sup* 
pose that the gjis is enclosed in a cylinder of 1 sq. cm. transverse 
section having at one of its ends a piston, the increase of the volume 
must cause a weiglit P to move through F cm. One calorie (gram- 
calorie) = 42400 gram-centimeters. If this is substituted in the 

equation PF=84764F, the latter becomes PF= — or verv 

approximately, PF=2f. This latter form also is a common one 
ot expressing the combined gas laws. It gives the external work 
in calories that is done when 1 mole of any given substance is con- 
verted into the gaseous state at the absolute temperature T. 

K ince 1 mole of a gas has a volume of 22.4 1. at 0° and 760 mm. 

pressure, 1 c.c. under these same conditions contains — , or 
0.0446, millimoles. 
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The wide tube f, together with the supply-tube d and the exit- 
tube e, are sunk in a vessel of sulphuric acid, into which the pole of 
the inductor, 6, is dipped. The other wire a of the latter ends in 
a tube c, which is slipped down in- 
side / and is almost entirely filled. 

The silent discharge between the two 
l^odies of sulphuric acid thus passes 
through a thin layer of oxygen and 
has a powerful ozonizing effect. 

Goldstein obtained ozone of 100%, 
i.e. perfectly pure, by introducing pure 
oxygen in a glass tube under a pressure 
of 50-100 mm. and then passing through 
it the discharge of an induction-coil in the 
same manner as in a Plucker tube (§ 263). 

When the tube was dipped in liquid air it 
very soon became coated on the inside 
with a dark blue liquid layer and the 
pressure fell to about 0.1 mm. The tube 

was then .connected with a vacuurn-pumn. ^ 

, , X j tm. 16 .— Preparation op 

but the pressure was unaffected and Ozone. 

remained constant so long as the liquid 

la\'er lasted, proving that this 0.1 mm. ivas the vapor pressure of pure 
liquid ozone at that temperature and not of unchanged oxygen still 
remaining -in the tube. 

Ozone is formed in many reactions, such as the slow oxidation 
of moist phosphorus; also in a small quantity, when hydrogen 
burns in an atmosphere of oxygen. The oxygen that is obtained 
by the electrolysis of dilute sulphuric acid always contains it. 
Ozone is also given off by the decomposition of permanganic acid 
that is set free in the reaction of potassium permanganate and 
concentrated sulphuric acid {cf. also § 52). 

Physical Properties . — At ordinary temperatures ozone is a gas 
of a peculiar color, having a bluish color in thick layers. By com- 
pressing it (s 1 0 w 1 y, to avoid warming) at a low temperature, or 
fw cooling it through the evaporation of liquid oxygen, it can be 
condensed to an indigo-bhie liquid, which can be separated fairly 
well from the more volatile oxygen by fractional distillation. Ozone 
boils under normal pressure at -119°. 
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Chemical Properties, —Ozone is characterized above all by its 
ability to oxidize vigorously at ordinary temperatures, especially 
in the presence of moisture. Phosphorus, sulphur, and arsenic 
are oxidized to phosphoric acid, sulphuric acid, and arsenic acid, 
respectively, ammonia to nitric acid, and silver and lead to per- 
oxides; iodine is deposited from a solution of potassium iodide: 

2KI + H 2 C) + 0:, = 2K0H + 21 + O 2 . 


Organic substances are strongly oxidized by ozone, hence 
no apparatus containing it should ha^’e connections of rubber. 
Dye-stuff solutions, like indigo and litmus, are decolorized (by 
oxidation). Ozone effectively destroys micro-organisms, and is 
therefore used successfully in the sterilization of drinking-water. 


The detection of ozone, especially in quantities too small to be recog- 
nized by the odor, is a difficult matter because several other oxidizing 
substances, such as chlorine or bromine in the presence of water, the 
oxides of nitrogen, hydrogen peroxide and still others, give closely analo- 
gous reactions and it becomes nece.ssary to first prove their absence. The 
tests for ozone are usually executed by moistening strips of filter-paper 
with the reagent and dipping them in the ga.s containing ozone. The 
reagents used for this purpose are lead sulphide and thallous hydroxide. 
The strips of paper are first moistened with dilute solutions of the nitrates 
of these metals and then expo.sed to hydrogen sulphide and ammonia 
fumes, respectively. Lead sulphide is oxidized by ozone to lead sulphate, 
thus turning from black to white; thallous hydroxide, which is white is 
converted to brown thallic hydroxide. However, these changes of color 
also occur with the other oxidizing agents mentioned. A strictly charac- 
teristic test for ozone is the violet color produced with an acetic acid 
so ution 0 tetrameth}l-p-/) -diamido-diphenyl-methane (an organic coni- 
p 1 i itrogen dioxide gives a straw-yellow color, chlorine and 
jomine a dark blue, while hydrogen peroxide produces no coloration 


Oa( ne is styje at ord nary temperatures, but is easily changed 
to oxygen on heating. It is slightly soluble m water. 



3?.] 


FORMULA OF OZONE. 


53 


FORMULA OF OZONE. 

37, The formula of ozone has been determined by LAOENBiniG 
in the following way. A glass globe with two cocks was first 
weighed when filled with pure oxygen and then when containing 
ozonized oxygen. After reducing both weights to the normal tem- 
perature and pressure the globe in the latter case was found to be 
a mg. heavier. This increase of weight is due to the replacement 
of a certain number of oxygen molecules by the same number of 
ozone molecules. 

The volume that the ozone occupies in the gas mixture can be 
determined by absorbing it in turpentine. Suppose this to be 
r C.C., when reduced to normal pressure and temperature. The 
weight of this r c.c. ozone ban be represented by the weight of an 
equal volume of oxygen + a mg. and must be, therefore, (?jX 1.43+a) 
mg., 1.43 mg. being the weight of 1 c.c. oxygen at normal pressure 
and temperature. Hence the weight ^ of 1 c.c. ozone is 

'rXl.dS+a 

— r-- 

In one of his experiments Ladenburg found a = 16,3 mg. and 

?'=26.0 C.C., hence gr=2.06 mg. 1 c.c. ozone thus weighs = 

^ l,4o 

1.45 times as much as an equal volume of oxygen, or very nearly 

times much. The molecule of oxygen being O 2 , that of 
ozone must be represented by O3. 

In an oxidation by ozone the volume of the ozoniferous gas 
remains unchanged. Only the third atom in O 3 has oxidizing 
power, not all three atoms of the molecule. 

In ozone we have become acquainted with oxygen that is dif- 
ferent from the ordinary kind. This phenomenon is also seen in 
other elements; it is called allotropism. 
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HYDROGEN PEROXIDE, HjOj. 

38 . This compound is usually prepared by treating barium per- 
oxide with dilute sulphuric acid; 

Ba02 + H2SO4 = BaS 04 + H2O2. 

Barium Insoluble. 

peroxide. 

Finely powdered barium peroxide is added to the dilute acid and a 
dilute solution of hydrogen peroxide is obtained. Since barium peroxide 
always contains traces of iron, manganese, aluminium, and other oxides, 
that cause decomposition during the subsequent process of concentra- 
tion, these must be removed,— preferably by addition of a little baryta- 
water, which precipitates them. This is filtered and the excess of 
baryta in the filtrate is precipitated by the exact amount of dilute 
acid and removed, after which the aqueous solution is concentrated. 
To obtain hydrogen peroxide free from water, it is fractionated in vacuo, 
Tiienard, the discoverer of this compound, concentrated the aqueous 
solution by placing it in a vacuum over sulphuric acid. 

Hydrogen peroxide is also formed in many other ways; e.g. 
together with ozone {§ 36) in the slow oxidation of phosphorus; by 
the combustion of hydrogen, when the flame is cooled by a piece 
of ice. The formation of ozone has been often detected when 
hydrogen in the nascent state comes in contact with oxygen mole- 
cules. We suppose ‘that in the moment just after hydrogen is set 
free, its atoms have not yet united to form molecules, so that the 
individual atoms possess unusual chemical activity. This is the 
general conception of the Btoius nascendi. Thus Traude has 
observed the following instances of the production of hydrogen 
peroxide: Zinc filings, when shaken with water and oxygen or air, 
give hydrogen peroxide, since the zinc and the water generate a 
small quantity of hydrogen, which unites with the oxygen. Palla- 
dium-hydrogen behaves likewise when brought in contact witli 
water and air. In this case it is the hydrogen released from tlic 
palladium that unites with the oxygen. Many metals, such as 
copper, lead and iron, yield hydrogen peroxide on being shaken 
with air and dilute sulphuric acid, for the same reason as in the 
case of zme and water. Finally, the peroxide is formed in the 
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§ 3 ^.] 

electrolysis of water, when a current of air or, better, oxygen passes 
over the negative electrode (at which hydrogen is evolved). 

The presence of hydrogen peroxide in many oxidations has led to 
the supposition that it plays a r6Ie in all oxidizing processes, it being 
thought that hydrogen peroxide is first formed and that it then gives 
up its oxygen for oxidation. According to this view oxidation would 
be impossible where no water or hydrogen compound is present. In 
reality it has been determined that, if all moisture is excluded, combina- 
tion with oxygen frequently does not take place. A piece of phosphorus, 
for example, which ignites in moist air at a rather low temperature 
can be heated up to in an atmosphere of oxygen, without taking 
fire, if the oxygen has been dried by phosphorus pentoxide. Carbon 
monoxide, CO, burns with much greater difficulty in dry than in moist 
oxygen (§ 183). On the other hand, the fact that combustion really 
cocurs to some extent even in dry oxygen speaks against the above 
supposition. To this one may, of course, reply that it is never possible 
to remove every trace of moisture; one molecule of water would be 
sufficient to bring about the reaction, and the retardation of reactions, 
when the oxygen used is most carefully dried, could be attributed to 
the fact that only extremely minute traces of water are present. 

Physical Properties . — In the pure anhydrous condition hydrogen 
peroxide is a colorless, slightly viscid liquid, having a specific gravity 
of 1.4584 at 0°, based on water at 4°. (A density calculated on 
this basis is indicated by It becomes solid at a low tem- 
perature and melts at —2°. 

Chemical Properties . — Hydrogen peroxide, when wholly free 
from impurities, especially from suspended particles of solid mat- 
ter, is rather stable and can be distilled in vacw); when impure, 
it decomposes, however, into water and oxygen, as it also does 
in dilute solution. In the latter state it is more stable in the 
presence of traces of acid than in the presence of bases. It is an 
interesting fact that it decomposes rapidly in contact with powdered 
substances, apparently without acting upon them. Finely divided 
silver, gold, platinum (platinum black), and especially manganese 
flioxide decompose it with effen^escence (due to escaping oxygen). 
Even rough surfaces have a disturbing effect; Bruhl observed, 
for instance, that a concentrated solution of hydrogen peroxide 
evolves oxygen when poured upon ground glass. All these actions 
must be regarded as catalytic accelerations of the ordinarily very 
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slow decomposition of hydrogen peroxide. The effect of heat 
is here, as elsewhere, to accelerate the reaction; concentrated 
preparations, when wanned, often decompose so rapidly as to 
cause an explosion. 

The oxidizing action of hydrogen peroxide is an important 
chemical property. This is always due to the surrender of an 
oxygen atom, which effects the oxidation, while water remains. 
Lead sulphide, PbS, is oxidized by a weak solution of hydrogen 
peroxide to lead sulphate, PbS04; sulphuretted hydrogen, H2S 
is converted into water and free sulphur. Barium, strontium and 
calcium hydroxides, Ba(0H)2, Sr(OH)2 and Ca( 0 H) 2 , are pre- 
cijHtated by dilute hydrogen peroxide from their solutions as 
peroxides of the general formula M() 2 ‘ 7 iaq.^ The colorless solu- 
tion of titanium dioxide in dilute sulphuric acid is turned 


orange-red by hydrogen peroxide— lemon-yellow by traces of it 
—on af'coimt of the formation of yellow trioxide, TiOa. This is a 
delicate test for hydrogen peroxide. Other tests are found in the 
following oxidation reactions: Potassium iodide starch-paste is at 
once turned blue by hydrogen peroxide in the presence of a little 
feiTous sulphate, FeS04 Other oxidizing agents are also able to 
set iodine free from potassium iodide (§ 36 ), but not in the presence 
of ferrous sulphate (which is itself easUy oxidized). A very char- 
acteristic reaction is this: Chromic acid solution (H2Cr04), when 
treated with hydrogen peroxide^is changed to a higher oxide 
(.see § 29 e) which is blue in aqueous solution and may be taken 

if I f® f ® however, less 

delicate than the two preceding ones. 

on t chemical effects of hydrogen peroxide depends 

mCU* f ' ” 

peroxide, a vigorous evolution of oxygen 

pZ;,r ■ *" '*'”5 '""“I “ «» «■» 2,, 

:r. v,i" ."'"‘t “ "I''" »««> 


hSatlr’’ “ ^hb^eviation for water of crystallization 
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The brown peroxide of lead^ Pb02, is reduced to reddish-yellow 
lead oxide, PbO. 

Ozone and hydrogen peroxide yield water and oxygen; when 
dilute, they arc, however, able to exist side by side. 

There is a test for hydrogen peroxide, depending on its reducing 
power, which is even more delicate than those described above. A 
mixed solution of ferric chloride and red prussiate of potash has a red 
color. On the addition of hydrogen peroxide Prussian blue is precipitated. 
Traces of the peroxide turn the solution green. 

The ability of so powerfully oxidizing a substance as hydrogen 
peroxide to act also as a reducing-agent can be explained as follows: 
One of its two oxygen atoms must be loosely joined to the mole- 
cule, since it is easily given up. All the substances which are 
reduced by hydrogen peroxide, also have one loosely held oxygen 
atom; silver oxide, potassium permanganate, ozone and others 
give up their oxygen at rather low temperatures. It is therefore 
possible that the mutual attraction of the oxygen atoms, which 
tends to make them form oxygen molecules, is stronger than the 
force by which they are held in hydrogen peroxide on the one 
hand, and the respective oxygen compound on ‘the other. 

Uses of Hydrogen Peroxide . — The colors of old paintings are often 
restored by means of it. The darkening of them is due in many cases to 
the transformation of white lead sulphate, PbSO^, to black lead sulphide. 
The latter is readily oxidized by hydrogen peroxide back to white lead 
sulphate. Hydrogen peroxide is also of value in bleaching ivory, silk, 
feathers, hair, bristles and sponges. It is also important in analysis. 

39. The composition of hydrogen peroxide was established by 
Thexard as early as 1818 , He first concentrated it in a vacuum 
and then introduced a weighed amount of it, enclosed in a vial, into 
a graduated barometer- tube over mercury. The vial was then 
broken and its contents decomposed by heating the tube from 
without or allowing finely powdered manganese dioxide to rise in 
the tube. It was thus found that veiw^ nearly 17 parts of hydrogen 
])eroxide by weight vield 8 parts of oxygen, water being also 
formed. One atom of oxygen (16 parts by weight) is therefore 
obtained from 34 parts of hydrogen peroxide, the remaining 18 
parts forming water;, in other words, hydrogep peroxide is 
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1 molecule H 2 O.+ 1 atom 0. The peroxide therefore contains one 
atom of oxygen to every hydrogen atom. Its simplest formula 
(the so-called mprical jomula) is then HO. Whether this also 
expresses the molecule or whether the latter is a multiple of 
remains to be determined by finding the molecular weight, inas- 
much as every compound of the general formula (nO)„ possesses 
the same composition, viz., 16 parts by weight of oxygen to 1 part 
of hydrogen. 

On account of the instability of this substance its vapor densitv 
cannot well be determined. It was therefore necessary, in finding 
its molecular weight, to follow another course, which is based on 
the properties of dilute solutions. In this manner the molecule of 
hydrogen peroxide was found to possess the ft)nnula H 2 O 2 . The 
inethoil referred to is explained in the following sections. 


MOLFTllXAR WRIGHT FROM THE MEASUREMENT OF 
THE DEPRESSION OF THE FREEZINTUPOINT AND 
EUEVATION OF THE BOILING-POINT. 

40- Certain membranes possess the peculiar property of allou- 
mg a solvent, e.g. water, to pass through, but not the dissolved 
substances. They bear the name “mni^pemeahk Tnmhmnes." 
This property appears to depend not so much on a sort of sieve 
action as upon the ability of th^embrane to dissolve, or else to 
absorb or loosely combine with, the solvent on one side and release 
It again on the other, while the dissolved matter remains behind. 
One of tlie ways of obtaining a semi-permeable partition is by diiv 
ping a porous cup-^such as E used in galvanic cclls-containing a 
it.on of yel OW prussiate of potash into a solution of blue vitriol, 

ro J r r”*-' formed in the wall of the 

cup making it semi-permeable. If „ dilute sugar solution salt 
soluton or the like be poured into such a cup and the cup pk'ed 

Z l/useTougirlte m'oU 

seen to rise slowlv In tit + i -n • Ihe water will )'C 

the level outside '' above 
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The pressure exerted by this column of liquid is called the 
osmotic 'pressure of the solution. If a tight-fitting piston were 
inserted in the cup, the force which one would have to exert on it 
to prevent the infiltration of the water would be equal to the pres- 
sure of the column of liquid, for the water continues to rise in the 
tube till the pressure of the column prevents the entrance of any 
more. 

According to researches of van’t Hoff the osmotic pressure, 
like the pressure of gases, obeys the law of Boyle and the expansion 
law of Gay-Lussac. If the pressure exerted at a certain tempera- 
ture by a kg. of a gas in a vessel be p, the pressure which na kg. 
of the gas at the same temperature exerts in the same vessel is np. 
The concentration^ i.e. density, of the gas has been multiplied 
/i-fold. 

If the osqiotic pressure of a solution containing a per cent of a 
substance be determined and found to be p, the osmotic pressure 
will be np, if an na per cent solution of the same temperature be 
taken, i.e. if the concentration be n times as great. 

An investigation of the pressures which a gas of constant volume 
exerts at the absolute temperatures and T2 shows that these 
pressures bear to each other the ratio Ti: 7 \. The same proportion 
is observed when the osmotic pressure of a solution of constant 
concentration is measured at the same absolute temperatures as 
above. 

41. The proof of the last statements is furnished by thermodynamics. 
The existence of a definite ratio between the osmotic pressure and the 
concentration of dilute solutions can be demonstrated in the following 
wa}'^: The pressure which a gas exerts on the walls of the containing 
vessel is due to the impacts of the molecules of the gas against them. 
Similarly the osmotic pressure can be considered as caused by the impacts 
of molecules of the dissolved substance upon the semi-permeable parti- 
tion. The molecules of the solvent which come in contact with the 
partition can produce no pressure, since they are able to pass through 
freely. If the concentration is increased n-fold, n times as many mole- 
cules of the dissolved substance vdll strike against the partition in the 
unit of time and the pressure will become n times as great. This 
relationship, which is expressed in the law of Boyle, applies in all strict- 
ness only to dilute solutions. Concentrated so” ut ions, like gases under 
liigh pressure, behave differently. Similar arguments are applicable to 
Cay-Lussac’s law. 
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The laws of osmotic pressure find experimental verihcation In measure- 
ments which were made by Pfeffer previous to vanV Hoff’s enuncia- 
tion of the laws, Ppeffkk investigated dilute sugar solutions and used 
an apparatus not unlike the one just described. 

The gas laws are expressed by the equation 

F7=/er, (1) 

in which P represents the pressure, V the volume, and T the absolute 
temperature of a gas, while 7? is a constant. The volume, P, m inverseh' 
proportional to the concentration, acetwding to the above definition’ 

therefore ^ may be substituted for V, if C indicates the concentration. 
The above equation then becomes 

P 


or, at a constant temperature, 


Tins equation must also be applicable to osmotic pressure. This mas 
really the case m Prsrroa’s measurements of aqueous sugar solutions 

table ™ seen from the following brief 

lot I 13.5° and 18.1°, and hence was 

not perfectly constant: 


535 mm. 

2% 1016 
2082 
3075 


p 

c 

535 

508 

521 

513 


Thedifenees in the values of ^ must be ascribed to the variations 
luchZlremelfe difficulties which attend 


From equation (1) it afo ^ . 

, >iien V (or C) la a constant, that 


P ^ 
y = Const. 
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This conclusion, too, was demonstrated experimentally by Pfeffer 
in the case of sugar solution, as may be seen from the following table. 
A one per cent solution was used : 


p. 

r. 

P 

r 

510 

287.15 

1.78 

520.5 

288.5 

1.80 

544 

305 

1.78 

567 

309 

1.83 


Van't Hoff has further shown that the numerical value of the 
osmotic pressure is the same as that of the gas pressure; that is to 
say, when a definite amount of a substance in the gaseous state 
occupies a given volume, the gas pressure which it exerts is just as 
great as the osmotic pressure which would be produced if the same 
amount of substance were dissolved in a liquid making the same 
volume of solution. 

The measurements of Pfeffer also furnished experimental proof of 
this. He found that a 1% sugar solution at 7° e.xcrts a pressure of | of an 
atmosphere. If there is really equality between osmotic pressure and gas 
pressure, or, in other words, if the law of Avogadro for gases is also 
applicable to dilute solutions, the constant R of the equation PV=^RT 
must have the same value for solutions as for gases. P in the above case 
was found to be ^ of an atmosphere, or § X 760 = 506 mm. mercury. 
A 1% sugar solution contains 1 g. sugar in 100.6 c.c. As the molecular 
weight of this substance is 342, the volume V which contains 342 g. is 
r = 100.6X342. 273 +7° = 280®. Substituting these figures in 

PV 

R = we have 7? =62313. The close agreement of the two values of R 

(compare p, 50) proves the equality of gaseous and osmotic pressure. 

42. It follows from the preceding that Avogadro ' s law must 
also hold for dilute solutions. Assuming that an equal number of 
molecules of different substances are dissolved in equal volumes at 
the same temperature, w^e know from the equality of gas pressure 
and osmotic pressure that the various substances will exert the 
same osmotic pressure ; inversely, in equal volumes of solution hav- 
ing the same temperature and osmotic pressure there is the same 
number of molecules. 

This is a very important extension of Avogadro ' s law. We 
fire thus able not only to compare the weights of equal gas volumes 
the same temperature and pressure and calculate therefrom the 
molecular weight, but we can apply the same principle to solutions, 
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since we know that in solutions of the same temperature and the 
same osmotic pressure tlie quantities of the dissolved substances 
contained in equal volumes of solution are to each other as their 
molecular weights. 

Just as it is possible to ascertain the molecular weights of 
gaseous bodies from determinations of temperature, pressure, 
weight and volume, it is also possible to find those of substances 
in dilute solution by measuring the volume of liquid, the tempera- 
ture, the quantity dissolved and the omoiic pressure. The 
molecular weights of all substances that dissolve in some liquid or 
other can be determined in this way, and, since the number of 
soluble substances is very large, there are not a few whose molec- 
ular weights were first determined in this way, 

_ In working out this method, hoAvever, there is a practical 
difficulty. The osmotic pre.ssure is very hard to measure 
directly. This would render the whole method of little value, if it 
were not for the fact that the calculation only requires that it be 
known whether two solutions have the Jsrnotic pressure not 
the absolute amount of the latter; the law of Av6gadro simply 
requires the equality of volume, of temperature and of pressure 
osmotic or ga.), without regard for the absolute value of these 
factors between certain limits). Now, it is easy to measure 
magnitudes which are proportional to the osmotic pressure, ami 

Sts not riiese magnitudes are the depression of the freezing- 

C ter, ns t explanation of 

these tennsis perhaps necessa,^ :-When a substance is dissolved 

hand, facilitatin'- the 

This lowerintr of ifiP vo “°’ecules into the liquid, 

of the freezii^'T noint necessarily causes a depression 

be proved h;ryS:; scr “^n'r "'ifr*' “ 

freezinJ^oL b- the mrt I neighborhood of its 

matter! ’’the pait t ^^3 ,2 ~ 

^ways more nearly horizontal i JCer, ^L^^n 
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both experimentally and theoretically. The freezing-point of a 
liquid is that temperature at which the solid and liquid states can 
exist side by side indefinitely. This condition requires that the 
solid and the liquid substance have the same vapor tension! If, 
for instance, the vapor tension of the solid were greater than that 
of the liquid, we should have, at a constant temperature, the vapor 
given off from the solid condensing to a liquid and the former grad- 



ually turning into the latter. Inversely, if the vapor tension of the 
solid were less than that of the liquid, the entire liquid would, 
under similar conditions, solidify. 

The freezing-point b can thus be regarded as the intersection of 
the vapor-pressure curves ah and be of the solid and the liquid, re- 
spectively. Let us now consider the curve 6V of a solution. Its 
vapor pressure is lower than that of the pure solvent, so its inter- 
section with the curve ab must lie more to the left, that is, its 
freezing-point is lowered. On the other hand, the boiling-point 
of a solution is that temperature at which the tension of its vapor 
e(|uals one atmosphere. If Od in Fig. 18 represents this tension, 
a line dd' parallel to the axis of abscissas will intersect the vapor- 
jiressure curve ac of the pure solvent at a lower temperature, than 
it will the curve n'e' of the solution. The latter must, therefore, 
have a higher boiling-point. 

43. The connection between these magnitudes and the osmotic 
pressure will be better understood after the following considerations: 

1. Eolulions in the same solvent f separated by a semi-permeahle parti- 
Imn, can only be in equilibrium when they are isotonic, i.e. when they exert 
Ihe same osmotic pressure. 
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Let us imagine the solutions in an apparatus consisting of two cyhndeis 
that are connected by a tube containing a semi-permeable partition. In 
botheyliniler.s the level of liquid is kept at the same height constantly by 
adding or removing some from time to time. 

The solution with the greater osmotic pressure will extract solvent 
from the other, for, because of the stronger pressure which the dissolved 
molecules exert upon the free surface of the liquid, the first solution 
Hill endeavor to increase in volume at the expense of the second 
Equilibrium will be established so soon as the same pressure is exerted 
by the dissolved molecules upon the unit area of the free surfaces of the 
liquids from both sides of the seini-pcrmeable partition; in other words, 
when tlie solutions are isotonic, 

2, Isotonic solutwis with the sam solvent have the same vapor tension 
at the same temperature. 




Fig, 19. 


Fig. 20. 


The proof of this statement lies in the contradiction to Tvhich the 
assumption that isotonic solutions have unequal vapor tensions leads. 
The accompanying diagram^ Fig. 10, represents a closed vessel, that 
is separated by the semi-pcrmcablc partition HH into two parts, which 
contain the isotonic solutions A and B, Near the top the two parts 
are connected with each other. Assuming that the vapor tension of >1 
is greater than that of B, vapor must pass out of A and condense in B; 
the result is that A becomes more concentrated, B more dilute, and 
they arc no longer isotonic. In such a ca.se, according to the first prin- 
ciple, the solvent would then begin to pass through HH from B to A. 
The assumption of |X;rpetual motion which is thus made necessary can 
only be avoided by supposing tiiat the vapor tension is the same. 

3. Isotonic solutions unth the same solvent have the same Ircezimj- 
point. 

lei us again take the same apparatus, containing, in addition to 
the isotonic solutioiis A and B, a piece, C, of the solvent in the solifi 
state (Fig. 20), Let us also assume that A and C have the same vapor 
tension, ^\e then have, according to definition (see § 42), the tein- 
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])erature of the freezing-point of A. However, if A and B are isotonic, 
they have the same vapor tension. B will, therefore, have the same 
vapor tension as C. Hence B and C must also be at their only coexist- 
ence temperature, the freezing-point of B. At their freezing-points 
A and B, therefore, have the same temperature as C, i.e. they possess 
the same freezing-point. 

4. Isoionic solutions vnth the same solvent have the same boiling-point. 

As we saw in § 42, the boiling-point of a solution is that temperature 
at which, the tension of its vapor equals one atmosphere. Two solutions 
with a common solvent, therefore, have the same vapor tension at their 
boiling-point. Now, it was shown above that solutions having the 
same temperature and vapor tension are isotonic. If these solutions 
have the same vapor tension (at their boiling-point) and are isotonic, 
they must also have the same temperature. 

Since, as has just been demonstrated, isotonisra requires like freezing- 
points and boiling-points, it is evident the depression of the freezing- 
point and elevation of the boiling-point must be the same in isotonic 
solutions with the same solvent. 

Ill the depression of the freezing-point and the elevation of the 
boiling-point we thus have a means of deciding whether solutions 
are isotonic. The way in which this principle is made use of in 
determining molecular weights is described in Org. Chem., §§ 14 
and 15. We , shall here simply consider the application of the 
method to the case of hydrogen peroxide. 

^Vhen water is used as the solvent, the product of the depres- 
sion A of the freezing-point of a 1% solution and the molecular 
weight M has been found from numerous observations to be 19. 
We have therefore for water 

AAf = 19. 

Tor hydrogen peroxide, the depresion of the freezing-point of a 
3.3% aqueous solution was found to be 2.03°. This would corre- 
spond to ^=0.615° for a 1% solution; hence A =0.615, from 
o.o 

19 

which it follows that the molecular weight is =30.9. 

Since the formula HO corresponds to a molecular weight of 
17, H 2 O 2 to one of 34, and the latter number is the nearer to the 
molecular weight found by experiment, we conclude that hydrogen 
peroxide has the doubled empirical formula, H 2 O 2 . 
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BROMINE. 

44. This liquid element does not occur free upon the earth 
because of its strong tendency to form compounds. In com- 
bination with metals it is found in the salts of sea-water. It was 
discovered in the latter by IUlaiu) in 1826. Bromides occur m 
rather large amounts in the so-called Abraum-salze of the Stassfiirt 
salt-mines. 

In the neighborhood of Stassfurt, Germany, there are extensive beds 
of rock-salt (halite). Above the halite are found layers of other salts 
(called “Abraum-salze” because they have to be removed in order to get 
at the halite). These salts v'ere formerh^ rejected as u'orthless, but they 
have since been found to be rich in potassium salts, bromides and other 
valuable minerals, so that the “ waste salts ” of former days are now the 
leading source of many commercially and scientifically important com- 
pounds. 

The purification of the.se Stassfurt salts is accomplished l>y 
solution in water and partial evaporation of the latter. \ arious 
substances crystallize out, while the remaining liquid (“mother- 
liquor”) still contains tlie most soluble salts, among which is mag- 
nesium bromide, MgJir^. From this mother liquor the bromine is 
obtained by the use of chlorine, which sets bromine free from 
bromides, thus: 


MBr+Cl=MCl+Br. (M = Metal.) 

The process employed is an application of the principle of the 
counter-onrrent (15). The mother-hquor is allowed to flow dowl 

facr ‘he ayposed sur- 

'«ml »,K .iih n, ' tl. w. . ,n 

finely powdered bromide of pota^ium! over 
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Another method of obtaining the bromine from the mother- 
liquor is by distilling the latter with manganese dioxide and sul- 
phuric acid, corresponding to the method of making chlorine 
(§25). 

The bromine thus obtained still contains a little water. It is 
dried by shaking it with concentrated sulphuric acid and then dis- 
tilling again. 

Physical Properties . — Bromine is a liquid at ordinary temperar 
tures; it is the only element, excepting mercury, that displays this 
property. It solidifies at — 7.3° and boils at 59°. It is dark brown, 
and is transparent only in thin layers. At the temperature of 
liquid hydrogen (20.5° absolute) it becomes colorless; Moissan 
showed the same to be true of chlorine and fiuorme as well. It 
is quite volatile at ordinary temperatures, giving off brown fumes 
of an extremely irritating and disagreeable odor, whence its name 
(/^p(y/i05= stench). Sp. g. =3.1883 at 0°. 100 parts of water 
dissolve 3.5 parts of bromine. The addition of jxitassium bromide 
to the water increases its solubility a little. Its vapor density Ls 
79.96 (0 = 16). 

The chemical properties of bromine are completely analogous to 
those of chlorine, but the action of the former is less energetic. 
While, for instance, chlorine combines with hydrogen in the day- 
light at ordinary temperatures, bromine docs not. Its affinity for 
many elements is, however, very strong. It reacts vigorously with 
phosphorus; and powdered arsenic and antimony take fire when 
sprinkled upon bromine. It is an interesting fact that of the two 
closely related alkali metals, potassium and sodium, the former 
reacts vigorously with bromine, while the latter does not react with 
it at all at ordinary temperattres. 

The bromine molecule consists of two atoms; for, since its vapor 
density is 79.96 (sec above), its molecular weight must be 159.92, 
Inasmuch as a gram-molecule of no one of the very numerous 
bromine compounds contains less than 79.96 g. bromine, but often 
simple multiples of this quantity, its atomic weight is taken to 
be 79.96, based on 0=16. The molecule, therefore, contains 
159.92 

'rW =2 atoms. 
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HYDROBROMIC ACID, or HYDROGEN BROMIDE, HBr. 

45, This gaseo\is cornpouml can be obtained by direct syn- 
thesis from its elements; for this purpose it is necessary to pass 
hydrogen, together with bromine vapor, through a hot tube con- 
taining platinum gauze. This is the most practical method of 
manufacturing it When a current of hydrogen is passed throu"]i 
bromine, so that it becomes charged with bromine vapor, and it is 
then ignited, dense clouds of hydrobromic acid arise. 

Hydrobromic acid can also be obtained by the action of hydro- 
gen on bromine impounds, Silver bromide, AgBr, for example, 
is reduced by hydrogen at a high temperature to metallic silver 
with the formation of hydrogen bromide, 

On the other hand, it is also formed by tlie action of bromine on 
hydrogen compounds. For this purpose numerous organic com- 
pounds can be used. For example, bromine reacts with naph- 
thalene, CioHg, at ordinary temperatures to form hydrogen bromide 
somewhat impure, however, from the presence of organic sub- 
stances. Hydrogen bromide is also produced, together with free 
sulphur, when hydrogen sulphide is led into bromine under water: 


H2S-}-Br2=S+2HBr. 

Hydrobromic acid may also be prepared by the decompositicr 
a bromme compound with a hydrogen compound, phosphorus 
pentabromide, PBrj, and water being employed: 

l’Br5+4H20=5HBr+H3P0j. 

Phospborio 

acid. 

j ««bstance is, the 

two products of the reaction can be easily separated. 

unnecessary to pr^Ttk wnrh™”"-!! 

to M careMy, driVto 

.^tea^y evolation of hydrobromic^cidTS*'^"™ “ 

ping-tanel A, fromwhichTm^ t”'il 

P'’"™''nderwater,therateoffiowbeingmgulalcd 
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by llie stopcock R. The generated hydrobromic acid passes through the 
doubly bent tube, which has a bulb-shaped dilatation at 5, into the 



Fig. 21. — Preparation of Hydrobromic Acid. 

bottle F, where it is absorbed by water. The bulb B serves to prevent a 
backward flow of the water from F into the generator C. 


Another method of preparing hydrobromic acid is by the action 
of dilute sulphuric acid on a bromide, e.g. KBr. On heating 
the mixture a dilute solution of hydrobromic acid distils over. 

Hydrobromic acid has a decomposing action on concentrated 
sulphuric acid. The hydrogen of the former reduces the latter to SO^, 
bromine being set free. 

Physical Properties.— kt ordinary temperatures hydrogen bro- 
luide is a gas. It can be condensed, by cooling, to a liquid which 
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boils at “64.9° (under 738.2 mm, pressure), and, by still farther 
cooling, to colorless crystals, which Melt at -88.5°. It has a 
pungent odor and a sour taste. In contact with moist air it forms 
dense clouds, like hydrochloric acid (§ 29). It is verj^ soluble in 
water, _1 vol. water dissolving al)out 660 vols. at 10°; its solu- 
bility is thus even greater than that of hydrochloric acid. 

Chemical Propertm.—Uem, too, the acidic nature is stront^ly 
displayed. Various metals, such as zinc and magnesium are 
acted ufxjn by hydrobromic acid, forming a salt and free hydrogen. 
The most of its salts are soluble in water; silver bromide, however 
is insoluble and lead bromide difficultly soluble. 

A very higdi temperature is re((uired to decompose hydrogen 
bmmide into its elements. 

The compo^nlion oj hydrohrmic acid can be determined in the 
same way as that of hydrochloric acid. Since its vapor density is 
40.38, it has a molecular wight of 80.76. The atomic weight of 
bromine being 79.96 (0=16), it follows that the formula of hviro- 
bromic acid must be HBr. Moreover, the dry ga-s can be decom- 
posed with sodium amalgam, whereby it is found that half of its 
volume consists of hydrogen; this confirms the above molecular 
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Physical Properties . — Iodine forms tabular crystals of a dark 
(Tray metallic lustre. Its specific gravity is 4.948 at 17°. It 
melts at 114.2°, and boils under 760 mm. pressure at 184.35°. 
Its vapor is characterized by a beautiful dark-blue color, which 
gave the element its name violet). In water it is only 

slightly soluble — enough, however, to color the water yellow. It 
dissolves easily in a solution of potassium iodide, the latter being 
turned brown. In various other liquids, such as alcohol, ether, 
carbon disulphide and chloroform, iodine is also easily soluble. It 
is a peculiar fact that the alcoholic and the ethereal solutions are 
brown, while the solutions in carbon disulphide and chloroform 
are violet ; other solvents, c.g. benzene, give solutions of an inter- 
mediate color. The probable explanation of this diversity of 
color is that in the brown solutions the iodine has formed a compound 
with the solvent, whereas in the violet solutions, which have very 
nearly the same color as iodine vapor, the element exists in the 
tree state. 

This conclusion is based on the behavior of the brown solution 
in water (to which some glycerine has been added to increase the 
solubility of the iodine) towards other solvents. According to the 
distribution law of Bertiielot (Ohc. Chem., § 24) the iodine should 
distribute itself in a constant ratio between the two liquids when 
this solution in water-glycorine is shaken with a second liquid not 
miscible with it, i.e. the coefficient of distribution should be in- 
dependent of the quantity of iodine present. In agreement with 
this law the distribution coefficient was found to be constant for 
different temperatures (as is ordinarily the case) when ether, /with 
which iodine also forms a brown solution, was used as a second 
solvent; but dependent on the temperature when the ether was 
replaced by chloroform, in which iodine dissolves with a violet color. 
This can be explained by assuming that the iodine docs not exist in 
the same state in the water as in the chloroform. Since not only 
iodine but other substances as well exhibit this anomalous behavior 
when dissolved in water (or a solvent of the same type, e.g. ether), 
h. may be supposed that these solvents enter into combination 
(jissociate) with the dissolved substance. 

47 * The vapor density of iodine is 8.72 (air=l) at about 
hOO®, As the temperature rises, it grows steadily smaller , however. Thjjs 
-ve have : 
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Temperature. 

878® 

1030® 

1250" 

1390" 

1500" 


Vapor Density. 
8.11 
6.83 
5.65 
5.23 
4.5 




At 1500° we see it is reduced to almost half of ^^’hat it is at 600 . As 
we shall later (§ 40) have occasion to discuss this phenomenon, called 
dissociation, which has also been observed in many other sub- 
stances, it mil here suffice to explain how the vapor densities at such 
elevated temperatures have been determined by \ , Meyer and his pupils. 

The apparatus he employed (Fig. 22) consists of a cylinder 200 mm. 
deep and 36 mm. in diameter, connected with which is a 4-mm. tube 
350 mm. long. There is also a capillary tube leading to the bottom of the 
cylinder. The entire apparatus is constructed of platinum. In deter- 
mining vapor density at a high temperature the apparatus— properly 
protected from direct contact with the flame— is 



placed in a Perrot furnace in such a manner that 
the tube protrudes enough to attach a piece of rub- 
ber tubing, connecting the apparatus with a tube 
provided uith a side a-m for the escape of gases. 
The apparatus does not differ essentially from that 
employed in the ordinary determination of vapor 
density according to V. Mever (Org. Chem., § 12). 
When the lower part of the apparatus has reached 
the temperature of the furnace the vapor density is 
determined in the usual way, a knowledge of the 
temperature being, of course, just as unnecessary 
as in the previous case. 

^ iCTOR Meyer, however, was interested in deter- 
mining not only the amount of the va|xir density, 
but also the way in which it varies with the tempera- 
ture. To this end it was, of course, necessary to 


Fig. 22— Apfakatu.s temperature at which each measurement 


FOR THE Vapor- was made. This can be ascertained with the heffi 
MTxATiON^^^TF^f apparatus in the following manner: 

Iodine, after volume of air (or nitrogen) contained by the 

Meyer. apparatus at the ordinary temperature is measured 

by displacing the air with carbon dioxide, which 's 
pa^cd through the capillary tube to the bottom of the vessel; the air is 
collected in a graduated tube over a liquid (caustic potash solution) which 
completely absorbs the carbon dioxide. The same operation is repeated 
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subsequently, when the apparatus is glowing hot, as soon as the vapor- 
density determination is completed and air has been passed through 
the apparatus for a few minutes in order to expel the va]X)r of the sub- 
stance whose density has been determined. The volume of air then 
present in the apparatus, together with the volume contained at the 
ordinary (measurable) temperature and the expansion coefficient of air, 
furnish all the data required for a; calculation of the desired temperature. 
There is, however, one difficulty: only the lower part of the apparatus la 
at the temperature to be measured; the adjoining tube and the other 
parts of the apparatus, such as the glass side-tube, are at a different 
temperature. Hence a correction must be introduced in the calculation, 
which is found with the help of the compensator (Fig. 22). This consists 
of two platinum tubes of exactly the same dimensions, and, therefore, 
the same capacity, as the two tubes which protrude from the cylinder. 
To these last-named tubes the. compensator is attached by means of 
platinum wire. It may be assumed that the air in the latter has the 
same temperature as that in the corresi)onding parts of the real apparatus. 
It is readily seen that, when the volume of the compensator at the ordinary 
temperature and that at the temperature at which the determination is 
made are subtracted from the corresponding volumes of the real apparatus, 
the remainder is the volume of air contained in the lower wider portion 
at the temperature of the experiment. 

In temperature measurements of this sort the following is also to be 
noted: The entire method is based on the assumption that the coefficient 
of expansion of air stays the same at these high tem^Teratures; in other 
words, that the specific gravity of air remains constant, and does not 
diminish, like that of iodine. This assumption was, however, hardly 
reliable. In order to test the matter it would be necessary to measure 
the volume at a k n o w n high temperature, whereas in these experi- 
ments the ternjxjrature is unknowi and must be calcul:ited from the 
volume. To avoid this difficulty the temperature measurement was 
carried out with different gases in the same manner as above. The 
results were the same. Now, it was very improbable that all of the 
gases employed (oxygen, nitrogen, carbon dioxide, sulphurous oxide 
and others) should show a decrease of density anti all in the same measure. 
Therefore it was reasonable to assume that their expansion is normal. 

The chemical properties of iodine resemble very strongly those 
of chlorine and bromine. Its affinity for other elements is in 
general weaker, however, than that of the two halogens men- 
tioned. It combines with metals, e.g. mercury, directly to form 
salts (iodides). A characteristic test for iodine is the intense blue 
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coloration which it imparts to starch solution; the slightest traces 
of iodine can be thus detected. The blue color disappears on 
boiling and reappears on coolings provided the boiling w^as not too 
prolonged. 

The molecule of Mine, investigated by the same method as was 
employed with bromine, is found to consist of two atoms at 600^ 
hence the formula is h. Above 1500° it must contain only one 
atom, for the A^apor density is less by one-half. 






48 . This compound can be obtained by direct synthesis from 
its elements, and that is really the best method for preparing it 
m a perfa'tly pure state. ¥ot tiiis purpose hydrogen and iodine 
va[)or arc conducted together o^^Gr heated platinum -black, which 
accelerates their combination. 

Hydrogen iodide can also be obtained by the reaction of iodine 
with hydrogen compounds. Organic hydrogen compounds are 
preferable, especially coJophonium and copaiva oil. This method 
IS also used for the laboratory preparation of the gas, but the 
Mrogen iodide thus obtained is more or less adulterated with 

hyToirSidr' f water 

y b dide is formed, sulphur being liberated (5 45 ) 

we trmeT"?/ 

we may mention the reduction of silver iodide by hydrogen from 
which hydrogen iodide results. ^ ’ 

illusHaS’b? thfT 

bdinfa:™ 

«r other is the nrpfw u ‘ r- variation 

acid. ’ preparation of hydriodic 

mg TOmpoimd with a little water ‘**™“I** <'*'8 result- 

frem the hydrogen iodide formed' the iT' 
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since the former is more easily decomposed by sulphuric acid than the 
latter. 

Physical Properties .—Hydrogen iodide is a colorless gas, whose 
specific gravity is 62,94 (H-1). It fumes strongly when exposed 
to the air, and possesses an acid reaction and a pungent odor. At 
0'^ and 4 atmospheres pressure it condenses to a colorless liquid, 
which boils at -34 14° under a pressure of 730.4 mm. The melt- 
ing-point of the solid is -50.8°. Hydrogen iodide is very soluble 
in water; 1 vol. H 2 O at 10° dissolves 425 vols. HI. This solution 
fumes strongly, and turns dark brown after a time, because of the 
liberation of iodine. 

Chemical Properties.— Hydrogen iodide . has all the charac- 
teristics of an acid. With metals it forms salts (iodides), hydrogen 
being given off. These are almost all soluble, with the exception 
of the iodides of silver and mercury. Lead iodide is slightly soluble 
at ordinary temperatures. In addition to its acidic character, 
hydriodic acid possesses another property, which is not found in 
hydrochloric and hydro bromic acids. Since it splits up readily 
into hydrogen and iodine, it can act as a strong reducing-agent, 
especially at high temperatures. It has already been remarked 
that the aqueous solution of the gas turns brown, iodine being 
set free by the oxidizing action of the air; this change Is greatly 
aided by the influence of light. At a high temperature hydrogen 
iodide is decomposed into H 2 and I 2 , as is sho\^^l by the appearance 
of the violet iodine vapor. In organic chemistry, particularly, 
frequent use is made of the reducing power of this acid. 

Formula 0 / Hydriodic Acid.— The vapor density of this sub- 
stance has been found to be 62.94. Its molecular weight is there- 
fore 125.88. The atomic weight of iodine being 125.91 (H = l), 
fl is seen that the molecular weight corresponds very closely to the 
formula HI *126.91, and no other formula is possible. 


DISSOCIATION. 

49* When hydrogen iodide is subjected to a slow increase of 
temperature, it commences to decompose at a definite temperature 
slightly above 180° into hydrogen and iodine vapor. As the heat- 
continues, the decomposition grows gradually greater till a 
pe^int is finally reached when the gas mixture contains only the 
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individual elements. If the mixture is then slowly cooled, the 
same stages are passed through in iiu^erse order, so that the degree 


OUUW - ^ 

of decomposition at any one temperature is found to be the same, 
no matter whether the temi)erature was approached from above 
or below, it being- only necessar}' that the particular temperature 
should be maintained for a sufficient length of time in both cases. 

The phenomenon just described is to be observed with a great 
many substances. It is called dissociatioiij and was first studied in 
1857 by II. SAiNTE-CnAiuK Di'UILu:. 

The degree of decomposition of hydrogen iodide is, as we have 
seen, always the same for a definite temperature. It necessarily 
follows from this that if one starts with the uncombined elements, 
hydrogen and iodine, and heats them together long enough at a 
certain temperature, a gas mixture of exactly the same compo- 
sition will be formed as that re.sulting from the decompo.sition of the 
hydrogen iodide at the same temperature. This is confirmed by 
experiment; e.g. equivalent amounts of iodine and hydrogen were 
heated in a sealed vessel by exposing it to the vapor of boiling sul- 
phur (445 ), llio amount of hydrogen iodide finally produced 
was^79.0%, i.e. 21.0% of the gas mixture remained imcombined. 
Again, when a like vessel filled with hydrogen iodide was heated to 
the same temperature, it was found that 21.5% had decomposed 
~-a figure \'ery close to that obtained in the preceding experiment 

Slid, reactions, which lead to the same result, no mattei 
whether we start with the one set of substances (Hj+y or with 
the other (2HI), are called reversible reactions, When the final 
stage IS reached, the sets, or “sy, stems,” are said to be in egui- 
hbnum with each other. 

tisll! T '’T ' T*™ A+B+..., which is par- 

be In rf r ® ^+*5+ ■ • ■ ’ equilibrium 

between the two systems is expressed by the sign jrt; thus; 

other catalyzer, however chanves ‘bis nor any 

combination takes place ' For ito *« which 

at 350” 18,8% f),e '=’‘P*imo»t3 have shown that 

Hack is present, and that in th ' '* wben no platinum- 
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position readies 19%; these two figures are alike \vithin the limits of 
experimental error. There is a theoretical reason why this must be so. 
If the catalyzer influenced the equilibrium, we could realize combination 
and decomposition by alternately adding and removing the catalyzer. 
Under constant conditions of temperature the system w^ould absorb 
energy in one instance and evolve it in the other. The energy obtained 
in the latter case could be used to do work. Work would thus be gained 
from a system remaining at constant temperature, but according to the 
principles of thermodynamics this is impossible, since the production of 
work is always accompanied by a fall of temperature. 

The question now arises, how such an equilibrium comes about, 
and why the decomposition of a compound that begins at a cer- 
tain temperature does not complete itself. To this the kmetic 
theory of gases furnishes a satisfactory answer. According to this 
theory the molecules of gases are constantly in motion. While 
a constant mean velocity of the molecules may be assumed to exist 
for every temperature, the velocities of the individml molecules 
must be considerably different, because of their very frequent 
collisions with each other. The atoms of a molecule must also be 
supposed to be capable of changing their respective positions, for 
the repeated collisions of the molecules displace the atoms from their 
positions of equilibrium. These movements of the atoms are the 
more violent the greater the velocity of the molecules. It is easy 
to conceive that they may at last become so violent as to throw 
the atoms out of their sphere of mutual attraction. The molecule 
Ls thus broken up. In a body of gas at a definite temperature this 
will, however, only occur in those molecules whose velocity is 
above certain limits; hence we see a reason for pariud decomposi- 
tim. The explanation of pQTiial coTnhination is exactly analogous. 
The atoms set free from the molecules of the elements enter into 
the spheres of mutual attraction, and if their velocities are not 
great enough to resist the attraction, the different atoms unite. 

In the case of the formation and decomposition of hydrogen iodide 
this can be conceived as folIo\^^; Two HI molecules meet in such a 
state of atomic movement that the H atoms enter the spheres of attrac- 
tion of each other, and thq I atoms likewise, so that Hj and Ij are formed- 
On the other hand, these molecules and Tj may again meet in such a 
that each H atom enters the sphere of attraction of one of the 
I atoms, whereupon two HI molecules are formed. 
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in which K' is again a constant j for suppose that there were only 
one molecule of A present; the possibility of its reacting with a 
molecule of B would then be proportional to the number of mole* 
cules of B. When there are a—x molecules of A this possibility 
becomes a-x times as large. 

It is assumed in the above that the temperature is constant. 
We shall see in § 104 that this factor has a great influence on the 
reaction velocity. 

$ 1 . The maimer of expressing the condition of equilibrimn is 
now plain. Assuming that the reaction velocity of the one system 
is S and that of the other S', equilibrium must exist when 

The state of equiHhrium may therefore be defined as that state 
in which the reaction velocities of both systems have become e^l 
Let us apply these considerations to the dissociation of hydro- 
gen iodide. This may be expressed by 

2HI^H2 + l2. 

If a gram-molecules HI per unit volume are present originally and 
X of these are decomposed after a given period, the reaction velocity 
at this moment (since in this case a^h, and the reaction is evi- 
dently bimolecular) is 

C being a constant. 

From the x gram-molecules of hydrogen iodide ~ gram-molc- 

cules of hydrogen and an equal amount of iodine have been formed. 
The velocity of formation of HI from and 1, is therefore ex- 
pressed by the equation 



m which C is a constant. Accordingly equilibrium wiU exist 
in which K is substituted for 
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This equation may be written in a slightly different way, since 
in gases the number of molecules per unit volume is proportional 
to the pressure (§ 31 ). Assuming that at a given moment the 
pressure of the hydrogen iodide still present is p, that of the hydro- 
gen is pi, and that of the iodine vapor p2, the equilibrium constant, 
Kf can be represented by the expression 


It has been ascertained that the dissociation is less if the hy- 
drogen iodide was originally mixed with hydrogen or with iodine 
vapor. The necessity of tliis being true follows immediately from 
the above equation, for the addition of these gases amounts to an 
increase of pi or p2. If K is to remain constant, p, or in other 
words the mass of undissociated hydrogen iodide, must increase. 
We see also from the equation that the same increase of H2 or of 
I2 must have the same influence on the equilibrium. A further 
conclusion from this equation is that, when p, pi and p2 are in- 
creased n-fold, i.e. when hydrogen iodide undergoing dissociation 
is compressed or expanded at a constant temperature, the degree 
of dissociation must remain unaltered, since 

npvnp2 _PiP2 

This, too, is confirmed by experiment. 

In the dissociation of hydrogen iodide the gas volume does not 
cliaiigc, since two molecules ( 2 HI) yield two molecules (H2 and I2). 
Tu all such cases, the degree of dissociation must be indepen(jent 
of the volume, because an increase or decrease in the latter causes 
changes in the concentration of the reacting gases which are pro- 
portional to each other, and hence the factor representing the 
Concentration falls out of the e(iuation. 

Hydrogen iodide is also decomposed by light. It is a peculiar fact 
fhiit this dissociation is unitnolecular (HI-H + I), while that caused by 
dsf of temperature is bimolecular. This may be demonstrated by the 
following very general method. When the reaction is unimolecular, 

thi; equation for the velocity of decomposition is ^ = K{a~x). When, 



INORGANIC CHEMISTRY. 


82 


m 51 - 


however, it is bimolecular (2HI = K 2 + l 2 ), the equation becomes 

(lx 

With the help of integral calculus these equations can 
be solved for K; from the first we find 

(I) 

where log* is the natural logarithm, and from the second : 

1 X 

t a{a~x) • • • (2) 

If now we determine x for various values of t, the values of K can h 
calculated; they must be constant. If this constancy appears in (1) 
the reaction is unimolecular, if in (2), bimolecular. 


FLUORINE, 

52 . This element was first isolated from its compounds h 
UfoissAx Jii 1886. It occurs in nature chiefly in combination witJi 
calcium as fluor spar, CaF 2 , and in certain rare minerals. 

Ihe great difficulty in obtaining it in the free state is due to 
Its very great affinity, which makes it unite with other elements 
even at ordinary temperatures. As yet it has only been sultcss. 
ully prepared by the electrolysis of pure anhydrous hydrofluoric 
acid in which potassium fluoride has been dissolved to make the 
liquid a conductor. 

The manner in which Moissan accomplished this is interesting, 
“f about 200 g. anhydrous hydrofluoric acid and 60 g 
irogeii potassium fluoride is introduced into a eopper U-tube (Fig 

Se len en7 Vi r ‘ ^ 

P s of the li-tube are ciosed with stoppers FF made of 
fluor spar and .vrapped in very thin sheet piatinum ’ 

stoppt anVr'i P’^ti^m-iridium pass through Ihe 

a piatinum vessei that is cooi''hV*'^'^ electrode, is first passed through 

and alcohol, Tori t cW Vu dioxi* 

’ ‘he acid fumes which were carried 
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ovor with it. The last traces of the acid are removed by conducting 
the gas through two platinum tubes containing sodium fluoride, which 
absorbs the hydrofluoric acid. The free fluorine gas was collected by 
Moissan in a platinum tube, whose two ends were closed with plates 
of fluor spar so that one could look through. 



Fig. 23.— Preparation of Fluorine dy Electrolysis. (After Moissan.) 

Later Moissan found that perfectly pure fluorine attacks glass but 
very slowly, so that the gas may be collected in glass vessels. 

Physical Properties . — Fluorine is a gas with a very pungent 
odor and a greenish-yellow color, which is somew^hat paler than 
that of chlorine. As a liquid it boils at — 187° and is bright yellow. 
It can be condensed in a glass vessel. When cooled by^ liquid 
hydrogen it freezes to a white mass, that melts at —223°. The 
specific gravity of the gas is 19 (0=16), that of the liquid 1.14 
Mer=l). 

Chemical Properties . — Of all the elements now known fluorine 
has the strongest tendency to form compounds. It combines 
''ith hydrogen in the dark at ordinary temperatures in an explo- 
manner. Moissan demonstrated this with the help of the 
above apparatus by reversing the electric cuirent while fluorine 
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was being generated) thus a mixture of hydrogen and fluorine was 
formed^ which at once exploded. As low as —252.5^, solid fluorine 
unites with liquid hydrogen immediately, producing a flame. 
Finely divided carbon ignites instantaneously in fluorine gas, forn> 
ing CF 4 , '«'hile chlorine does not combine with carbon directly 
even at a high temperature. Fluorine combines with most metals 
'instantly and violently; it does not unite with oxygen, 
even when it is heated with the latter to 500° or mixed in the 
liquid state with liquid oxygen at -190°. The alkali metals 
(potassium and sodimn) and the alkaline-earth metals (calcium^ 
strontium, barimn) take fire in fluorine gas at ordinary temper- 
atures with the formation of fluorides. Finely divided iron glows 
faintly in it. Copper becomes covered with a layer of copper 
fluoride, CuF 2 , which protects it against fartlier corrosion; henoe 
the possibility of employing this metal for fluorine generators. 
Gold and platinum are not attacked by fluorine, — a rather strik- 
ing fact, since these metals are <acted on by chlorine, which other- 
wise displa}'s a w'eaker chemical affinity. 

hluorine reacts readily with hydrogen compounds; e.g. w'aler 
is decomposed by it at ordinary temperatures into hydrofluoric 
acid and strongly ozonized (as high as 14% by volume) oxygen. 
It sets chlorine free from potassium chloride, forming potassium 
fluoride. 

The mlecule of gaseous fluorine is expressed by the formula F 2 . 
Its vapor density being 19, the molecular weiglit is 38. Inasnuieh 
as no fluorine compound contains less than 19 g. fluorine ])er , 
gram-molecule, but frequenth' a imiltiple of this amount, the , 
atomic ;veight of fluorine becomes 19 and its molecular formula h 
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p: This compound was discovered by Scheele in 1771 upon 
heating together fluor spar and sulphuric acid: 

CaFa + II 2 SO 4 - CaS04 -f 2HF. 

mivS nf mpmng the substance. A 
xture of pondered duor spar and dilute sulphuric acid is distilled 

attacked tyMrofluoriflekr TheT’flf T'- '"'‘'I' 

O' ouiunuoric acid. 1 he distillate is an aqueous solu- 
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tion of the acid, which for the alx)ve reason must be preserved in 
bottles of lead or caoutchouc. 

By direct synthesis from its elements (§ 52) hydrofluoric acid 
may also be obtained. Another method is by the action of hydro- 
gen on a fluorine compound; e.g. silver fluoride, when heated 
in a current of hydrogen, gives liydrogen fluoride. 

Still other methods are by the action of fluorine on hydrogen 
compounds (§ 52) and by the direct decomposition of certain com- 
pounds, such as hydrogen potassium fluoride, KF-HF, which 
splits up on heating into the, two fluorides. This last reaction is 
made use of when anhydrous acid is sought. 

Physical Properties . — Anhydrous hydrofluoric acid is a color- 
less liquid at ordinary temperatures. It boils at 19.5° and solidifies 
at —92°. 8p. g. (H = 1) = 0.9879 at 15°. It has an extremely 
pungent odor and is verj^ poisonous when inhaled. It is vciy^ 
soluble in w^ater. In this solution it has the double molecular 
weight, corresponding to H 2 F 2 . 

Chemical Properties, — The aqueous solution of hydrogen 
fluoride, the “hydrofluoric acid’' of commerce, possesses entirely 
the character of an acid; it evolves hydrogen with most metals, 
the precious metals, however, and also lead, being unaffected by it. 
The fluorides of the metals are, in general, soluble in water; some, 
however, such as those of copper and lead, dissolve with difficulty, 
while those of the alkaline earths (Ca, Sr and Ba) are insoluble. 
It is a peculiar characteristic of the alkali fluorides that they are 
able to combine with a molecule of the acid, forming double fluorides 
like that described above, KF-HF. 

The most important property of the gas for practical purposes 
is that it attacks glass (c/. § 193). As a result it finds extensive 
use in e t c h i n g glass. 

Class may be etched in two ways — with a solution of the gas or with 
the gas itself. In the first case the etching is shiny and transparent; 
in the second dull. The glass object is covered with a coat of ^vax in 
'vhieh the figures or letters which one desires etched on the glass may 
Ix" drawn wth a stylus. Then the object is either dipped in dilute 
hydrofluoric acid for a while or set over a leaden dish Avhich contains a 
niixture of sulphuric acid and calcium fluoride kept slightly warm by a 
1' 'w flame. Only the places where the coating w^as removed are attacked, 
.VI that, when the latter is subsequently dissolved off (by turpentine or 
nli-ohol). the etch-figure is visible. 
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Moissan has proved that glass is also attacked by perfectly dry 
hydrofluoric acid gas. 

The jonnula oj hydrofiiuyric acid gas is HF, which can be deter- 
mined in exactly tlie same way as was done for the analogous 
chlorine and bromine compounds. 

Compounds of the Halogens with each other. 

54. The halogens; or salt-formers, i.e. the elements fluorine, chlorine^ 
bromine and iodine (so-called because they form salts with metals by 
dvTect combiuatvon), can unite with each other to form rather unstable 
compounds. A brief description will here suffice. 

IVheii chlorine gas is led into bromine which is cooled below 10° a 
dark-red volatile compound of the formula ClJir is formed. With iodine 
chlorine forms two compounds, ICl and ICig, both of which can be 
obtained by synthesis. ^Vhether the first or the second is produced 
depends on the relative amount of clilorine employed. 

ICl is a reddish-brown oil, which slowly solidifies to crystals, that melt 
at 24.7 . It boils at 101.3°. Water readily decomposes it to iodic acid, 
iodine and hydrochloric acid. 

IClg, iodine trichloride, can be obtained not only by direct synthesis,, 
but also from iodic acid and strong hydrochloric acid and again by the 
action of phosphorus pentachloride, PCI,, on iodine pentoxide, 1,0,. 
It crystallizes in long yellow needles and decomposes very easily into 
tl and Clj. This decomposition begins as low as 25°. In a small 
quantity of water it dissolyes almost without change; larger quantities 
of ^ter serve to partiaUy break it up, forming hydrochloric and iodic 

IF, iodme pentafluoride, is produced by the action of iodine on silver 
uonde. It is a colorless, strongly fuming liquid. 


uxygen Compounds of the Halogens. 

With the exception of fluorine, the halogens are known to fwin 
various oxygen compound.s, having the common property of 

S 1 ''f ® decomposed. Most of them can 

ZnerTv'" '"n T’ ‘his latter 

LS Th iT “hydrides. The acids which are thus 

Mom Tnd tV but one hydro- 

g atoin, and this can be replaced by a metal. Acids contain- 

toonobaric ^^hstituted are called 
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HYPOCHLOROUS OXIDE, CHLORINE MONOXIDE, CkO. 

55. This compound can be prepared by passing chlorine over 
dry mercuric oxide at a low temperature: 

2HgO + 2 CI 2 = CI 2 O + HgO • HgClz. 

Hypochlorous oxide is a brownish-yellow gas at ordinary tem- 
peratures. It can be condensed by strong cooling to a dark-brown 
liquid, which boils at +5°, It is an extremely dangerous sub- 
stance, especially in the liquid state, since the slightest mechanical 
disturbances make it explode vigorously, breaking up into its 
elements. It is possible to distil it without decomposition, only 
when everything with which it comes in contact is entirely free 
from dust (organic matter). It acts upon sulphur, phosphorus 
and compounds of carbon with explosive violence. 

The composition of this compound was determined by Balard 
in the following way: He introduced 50 vols. of the gas into a 
tube over mercury and decomposed it by gently warming. He 
thus obtained a mixture of chlorine and oxygen which occupied 
somewhat less than 75 vols. After the chlorine was removed by 
caustic potash, 25 vols. remained, i.e. 50 vols. chlorine were present, 
the slight difference which was observed being ascribable to the 
fact that a little chlorine had united with the mercury in the tube. 
1 vol. hypochlorous oxide yielded therefore 1 vol. chlorine and 
^ vol. oxygen. This indicates the formula CI 2 O: 


2 CI 2 O =2Cl2*f 02- 

2 vols. 2 vols. 1 vol. 

The vapor density of the compound was found to be 3.03 
(air = 1) , or 43.63 (0 = 16). Its molecular weight therefore becomes 
87.26, corresponding to the formula CI 2 O (201=71; 0 = 16; sum = 
87). 


HYPOCHLOROUS ACID, HCIO. 

56. When chlorine monoxide, CI 2 O, is passed into water, it is 
absorbed; the solution contains hypochlorous acid: 


Cl20-fH20=2HC10l 
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This compound is known only in a<iueous solution. Its coni« 
jwsition is studied in its .salts. 

The same aqueous solution can also be obtained by adding 
finely j)owdercd mercuric oxide to chlorine water. Distillation 
may be employed to purify the solution of the acid. Another 
method is to add at once enough mercuric oxide to form the oxy. 
chloride, IlgO-IIgCh. whicli is insoluble in water and can be 
removed from the liypochlorous acid solution by filtration: 


HgO + 2 CI 2 + H 2 O = HgCl. + 2C10H. 

Soluble. 

2HgO + 2 CI 2 + HoO = HgO • HgCl2 + 2C10H. 

Insoluble, 

Still another method of preparing (he acid solution is to lead 
chlorine into the solution of a base, e.g. potas.sium hydroxide, at 
the ordinary temperature, whereupon a salt of hypochlorons acid 
(hypochlorite) is formed: 


2KOH +CI 2 = KCl +KC10 +TT 2 O. 


By carefully treating the hypochlorite with the equivalent 
amount of nitric acid the hypoctilorous acid is set free and can l)f 
separated from tlie salts by distillation. 


Wlien concentrated, tlie aqueous solution of hypochlorons acid 
has a golden color. It is unstable; only dihite solutions can I* 
drsfilled without decomposition. It oxidizes vigorously, breaking 
up into oxygen and hydrocliloric acid: 


2C10H = 2HC1+02. 

On the addition of hydrochloric acid all the chlorine of both 
compounds is set free: 

IIC10+HCl=Cl2+H20. 

The hypochlorites act just like the free acid, since the presence ; 
^ erj w ea acids, e.g. the carbonic acid of the air, serves 

pLi 'f therefore extensively 

e ployed as bleaclung agents (§ 27). A solution of sodium hvi»- 

llme ‘'bWl f hut chloride of 

June ( bleaclung powder,” § 258) deserves particular notice. I'be 
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;ittcr is obtained by treating lime with chlorine at ordinary tem- 
peratures. The bleaching action of hypochlorous acid is twice 
IS great as that of the chlorine which it contains would be^ if the 
latter were to act in the free state: 

2C1+H20=2HC1+0 and 2C10H=2HCl+20. 

However, it should be remembered tliat two atoms of chlorine 
u’cre necessary to form the one IICIO molecule: 

2KOH + CI 2 = KCl + KCIO + H 2 O. 

On shaking an aqueous solution of hypochlorous acid with mercury 
a brownish-yellow precipitate of mercuric oxychloride, ?iHgO-HgCl 2 , is 
formed, which is insoluble in hydrochloric acid. Chlorine water, on the 
other hand, when shaken whh mercury, gives white mercuric chloride, 
HgClj (sublimate). These reactions enable us to distinguish between 
the two substances. 

In a dilute aqueous solution of chlorine we have the following equilib- 
rium : 

Cl2 + H20?^HC1 + IICIO, 

as is shonm by the facts that the solution reacts distinctly acid toward 
liliiius and that the hypochlorous acid can be separated from the hydro- 
chloric. acid by distillation. 

The difference in the action of chlorine water and a solution of hypo- 
('hlorous acid on mercury is due to the fact that in the above equilibrium 
the system Clj+H^O is by far the predominant one, 

CHLORINE DIOXIDE, CIO2. 

57 . This gas is fonned when potassium chlorate, KCIO3, is 
treated with concentrated sulphuric acid. Chloric acid is at first 
set free and this decomposes as follows: 

3HCIO3 = HCIO4 + 2CIO2 + H2O. 

Cfilorio Perdiloric 
acid. acid. 

Chlorine dioxide is a dark-yellow gas. It can be condensed to 
^ liquid, which boils at 9.9^^ and solidifies at —79° to a yellow 
crystalline mass. It has a peculiar odor resembling chlorine and 
burned sugar. 

Chlorine dioxide is extremely explosive; wanning, jarring or^ 
<?oiitact with organic substances causes it to explode with vio- 
knee. Light slowly decomposes it. 
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The following experiments give one an idea of the vigor with which it 
causes oxidation. (1) When finely po^vdered sugar is mixed carefullv 
with potassium chlorate and a drop of concentrated sulphuric acid is 
added, the whole mass bursts into flame. The chlorine dioxide set' free 
makes the sugar burn at ordinary temperature. (2) Place a few’ pieces 
of yellow ])hosphorus and some crystals of potassium chlorate under 
w’ater and allow a few^ drops of concentrated sulphuric acid to flow dow'n on 
th(' two su])stances. The phosphorus at once burns under w’ater wath 
a brilliant light. 


Chlorine dioxide is soluble in water. Such a solution can be 
easily prepared by floating a little porcelain cup in a large crystal- 
lizitig-dish with a flat brim and containing 220 c.c. water, putliii? 
into the cup 12 g. potassium chlorate and adding a cooled mixture 
01 44 c.c. concentrated sulphuric acid and 11 c.c. water. The 
ervstaUizing-dish is then covered with a glass plate. The chlorine 
dioxide evolved dissolves in the water, forming a yellow^ solution. 

\\hcn a base is added to a chlorine dioxide solution, a chlorite 
(§ n8) and a chlorate are formed: 


2KOH 


2CIO2 - KCIO2 + KCIO3 + 

Pot. chlorite. Pot, chlorate. 


H2O. 


This reaction proceais very slowly in dilute solution. 

The composition of chlorine dioxide was detennined by G.vt- 
I.i;ssAc as follows: He allowed the gas to flow through a capillan- 
tube with three bulbs. By heating the part of the tube in front 
of tlie bulbs he decomposed the gas, the action being non-explo- 
sive in so narrow a space. Thus there was obtained in the bulbs 
a mixture of oxygen and chlorine in the same proportions as thev 
arc contained in the compound. The chlorine was absorbed bv 
potash and the residual gas (oxygen) was passed over into a 
moaMirm tine. The capacity of the bulbs being known, it was 
possible from these data to calculate the volume ratio of oxv« 
and chlonne. It was found that 100 vols. of the oxide yields'67.1 
V . oxygon and 32.9 vols. chlorine. This ratio is ve^^ close to 
that of 1:2, represented by the formula ClOg: 

2C102=Cl2+202. 

2voI.. lyol 2 vols. 

found f^onfirmed by the vapor density, which was 

^ 2 X 16 demands 

=33.7. 


2 
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CHLOROUS ACID, HCIO. 

58. This acid is unknown in the pure state. Its sodium salt is formed 
by the action of sodium peroxide solution on a chlorine dioxide solution: 

2 CIO 2 *f Xa.>02 = 2XaC102 + O 2 . 

The silver salt, AgClOj, is a yellow crystalline ])owder, as is also the lead 
salt, Pb(C102)2; they are both difficultly soluble in water, and break up 
even on warming to 100 ° in an explosive manner. The anhydride of 
chlorous acid, corresponding to the formula CI2O3, is not known, 

CHLORIC ACID, HClOj. 

59 . The chlorates of potassium or barium are the usual start- 
ing-points for the preparation of chloric acid. When dilute 
sulphuric acid is added to the solution of the barium chlorate, 
barium sulphate is precipitated and a dilute solution of chloric 
acid is obtained, which may be filtered off from the sulphate and 
dried in a vacuum desiccator over concentrated sulphuric acid. 
In this way a 40% solution of the acid may be obtained. On 
concentrating it any farther, decomposition takes place, oxygen 
being evolved and perchloric acid formed. The concentrated 
acid is a powerful oxidizing agent; wood or paper ignites when 
brought in contact with it. It oxidizes hydrochloric acid, chlo- 
rine being given off; further sulphuretted hydrogen, sulphurous 
acid and others, even in dilute solution. The following reaction 
is very characteristic of chloric acid. When indigo solution is 
added to a dilute solution of the acid, the former is not decolorized; 
however, on the addition of a little sulphurous acid the color dis- 
appears, since the chloric acid is thereby reduced to lower oxides. 

The salts are all soluble in water, that of potassium being 
^iornewhat difficultly so, however. 

The composition of chloric acid was ascertained by Stas from 
an analysis of silver chlorate. An accurately weighed amount of 
tlie latter was reduced by a solution of sulphurous acid to silver 
chloride and this was filtered off and weighed. Since he knew 
fi’om previous .investigations the exact composition of silver 
chloride, the analysis of the silver chlorate was complete. 
Stas found thus that silver chlorate consists of 
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saver 56.3948% 

Chlorine 18.5257% 

Oxygen 25.0795% 

Total 100.0000% 


The atomic weight of saver is 107.93; that of chlorine 35 . 45 - 
that of oxygen 16.00. We then find that the ratio of the atoms 
in this salt is 


56.39 48 

107.9'3 


=0.52; 


18,5257_ 25,0795 

35.45 10.00 


1.58; 


i.c, \ ery close to 1 . 1 ; 3, from which it follows that the empirical 
formula of the salt is AgClOs, that of the acid itself HCIO3. 


PERCHLORIC ACID, HCIO^. 

60 . This compound is obtained by distilling potassium per- 
chlorate with an excess of sulphuric acid of 96-97.5% in vacuo: 

KC104-bH2S04=KHS04+HC104. 

Pure perchloric add boils at 39“ under a pressure of 56 mm, 
Hg, and has a specific gradty of 1)422 = 1.764 at 22° It is a 
colorless liquid which does not solidify on being cooled with solid 
carbon dioxide and alcohol (about -80°), It decomposes slowly 
taking on a dark color. With one molecule of water it forms 
crrsta lized compound, which melts at 50°; with still more water 
a thick oily liquid is formed, similar to concentrated sulphuric 
arid, feuch an acid contains 71,6% HCIO 4 ; it distils without 
drange in compo,sition at 203° and has a specific gravity of 1.82, 
he dilute solution of the perchloric acid is stable 

In the concentrated state perchloric acid is’ a very stro.w 
oxidizing agent, IITien a little is dropped on wood ^ tZe 

ted rr'm flo^h-wounds are pro- 
gen neariy ’so read^ iH '’chllririckf ’ 
gently wanned with hydrochloric acid 'without gix^g off Thw' 
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The salts of perchloric acid, perchlorates, are all solu- 
ble in water; that of potassium and especially that of rubidium 
are, however, very difficultly soluble in cold water. 

The composition of perchloric acid has been determined, as in 
the case of chloric acid, by the analysis of a salt, in this instance 
the potassium salt. A weighed amount of the latter is heated to 
drive off all the oxygen. The loss in weight indicates the amount 
of the latter. The analysis of the remaining potassium chloride, 
KCl, shows the amounts of potassium and chlorine. From these 
data it is found, in the same manner as with chloric acid, that the 
empirical formula of the salt is KCIO4, that of the acid, therefore, 
HCIO4. 


Chlorine heptoxide, CljO,, is the oxide corresponding to perchloric 
acid: 


2HC10,-H20=Cl20,. 


It may be obtained by slowly adding perchloric acid to phosphorus pent- 
oxide cooled below — 10°. By distillation on a water bath the oxide is 
obtained as a colorless liquid, which boils at 82°. It is more stable than 
the other oxides of chlorine; it neither attacks paper nor acts on sulphur 
or phosphorus in the cold. 


OXYGEN COMPOUNDS OF BROMINE. 

61 , Although no compounds with oxygen alone are known, there are 
two oxygen acids, viz., hypobromous and bromic. 

Hypobromous acid, HBrO, can be olrtained in the same way as HCIO, 
namely, by shaking up bromine water and mercuric oxide together. The 
dilute solution can be distilled in vacuo, and has properties entirely anal- 
ogous to those of hypochlorous acid. 

Bromic acid, HBrOj, can be obtained from the barium salt with sul- 
phuric acid or from the silver salt with bromine-water: 

SAgBrO, + 3 Br 2 4- SH^O - oAgBr + bHBrOg. 

Ins^al. 

It is also formed when chlorine is passed into bromine-water; 

Brj + 5 CI 2 + mp = 2HBr03 + lOHCl. 

It corresponds in its behavior with chloric acid. Many reducing-agents, 
snch as hydrogen sulphide and sulphurous acid, are able to extract all 
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its oxygen, Most of its salts are difficultly soluble in water. When 
heated, they give up all their oxygen. 

OXYGEN COMPOUNDS OF IODINE, 

62 , When iodine is introduced into a cold dilute solution of caustic 
potash or soda^ a colorless liquid is obtaiiied, wiiich has other properties 
when fresh than it has later. When freshly prepared it decolorizes indigo ■ 
solution and iodine is liberated on the addition of very weak acids. 
Later on these two properties disappear. It is therefore to be supposed 
that a hypododaie KIO is first formed, and that this is changed slowly 
to KI and KlOg. At the boiling-point the change takes place almost; 
instantly. 

Iodine pentoxide, I 2 OS, is the anhydride of iodic acid, since it 
can be obtained by heating this acid to 170®, 

2HIO3-H2O+I2O5, 

and yields the same acid when dissolved in water. It is a white 
crystalline substance, which breaks up into its elements at 300°. 

Iodic acid, HIO3, is best prepared by the oxidation of iodine 
with nitric acid: 

3I2 + IOHNO3 = 6HIO3 -f lONO +2H2O. 

Nitric acid. Nitric oxide. 

Iodic acid is crystalline and easily soluble in water. It is a power- 
ful oxidizing-agent, setting free chlorine from hydrochloric acid, 
for example. 

2HIO3 + lOHCl = I2 + 5CI2 + 6H2O. 

It reacts instantaneously with hydriodic acid, all the iodine of both 
compounds being precipitated: 

5HI+HI03=3H20'i-6I. 

The salts of this acid, tlie i o d a t e s , are in general not very 
soluble in water; however, those of the alkali metals, dissolve 
rather easily. 

Periodic acid, HI 04 -b 2 H 20 , is formed by the action of iodine 
on perchloric acid: 

HCIO4+H-2H2O »HI04-2H20+CI. 

It is a colorless crystalline solid that is entirely decomposed at 
140° into iodine pentoxide, oxygen and water (§ 145). 
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NOMENCLATURE. 

63. The system of naming the various halogen oxygen-acids is 
a general one^ which is also used for the acids of other elements. 
The best-known acid usually has the suffix -ic, e.g. chloric acid^ 
phosphoric acid; sulphuric acid, etc. Acid.s that contain more 
oxygen have in addition the prefix per-, thus perchloric acid 
and persulphuric acid. Acids containing .less oxygen have 
the suffix -ous, e.g. chlorous acid, sulphurous acid, phosphorous 
acid; etc. Those which contain still less oxygen have the suffix 
-ous and also the prefix hypo-, e.g. hypochlorous acid, hyposul- 
phurous acid'and hypophosphorous acid. 

The names in use in pharmaceutical chemistry (see the National Phar- 
macopoeia) follow the Latin. Thus we have Acidum sulphuricum (sul- 
phuric acid) and Acidum sulphurosum (sulphurous acid). 

The names of the salts of the best-known (-ic) acids end in 
-ate, e.g. potassium chlorate, -sulphate, -phosphate. The salts of 
the -oiiS acids have the ending -He, as potassium chlorite, -sulphite, 
-phosphite. The salts of hypo- -ous acids are called hypo- -ites; 
thus sodium hypochlorite, -hyposulphite, -hypophosphitc. 

The names of the anhydrides correspond to those of their acids. 

In naming oxides the name of the element with or without the 
ending -ic is used, unless there is more than one oxide. Where 
there are two oxides, the name of the one with the more oxygen 
ends in ~ic, that of the other, in -ous, e.g. mercuric oxide, arsenic 
oxide, mercurous oxide, arsenious oxide. ^ An oxide with less 
oxygen than the -ous compound is given the prefix hypo-, and one 
with more than the -ic oxide the prefix per-, as in the case of acids, 
thus hypochlorous oxide, lead peroxide. In some cases, for the 
sake of euphony, the suffix is added to the Latin instead of the 
English stem, as cuprous, ferric, etc. 

For historical reasons many names now in use do not conform to this 
system. In some instances the oxide first discovered took the suffix -k, 

those subsequently discovered were named accordingly, as in the 
case of the nitrogen oxides (§119). 

It is not uncommon to speak of oxides of the general formula as 
^^squioxides. 
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A much more rational system is to indicate the number of 
atoms of oxygen by the Latin or Greek numeral, e.g. chlorine 
protoxide, or monoxide, iodine pentoxide, etc. 


SUMMARY OF THE HALOGEN GROUP. 


64. It is evident from the foregoing descriptions that the 
properties of the halogens and their compounds possess great 
similarity among themselves. A closer study reveals the fact that 
the increase of atomic weight is accompanied by a gradual change 
of physical and chemical jrroperties. For sample, let us notice 
the physical properties: 



F. 

Cl, 

Br. 

Atomic weight 

19 

^223° 

-187° 

1 .14{liquid) 

1 pale green- 
, 1 ish'Vellow, 

35.45 
-102 
- 33 
1.33 

1 greeniah- 
yellow 

79.96 
- 7 
+ 63 
3.18 

1 brown 

Melting-point 

Ik)iljng-poirit 

Sp, g. (liquid or solid). .J 
Color. ... 1 



I, 


126.97 
+ 113 
+ 200 
4.97 
•s^iolet- 
black 


It IS seen that the values of the physical constants increase on 
the whole mth the atomic weight. The purely metalloid char- 
acter of tlie first three is also found in iodine, although in the case 
0 the latter an external characteristic of metals, viz., metallic 
lustre, is at once noticeable. 

^ The affinity for hydrogen decreases as the atomic weight 
increases, tVe saw that fluorine combines with this element even 

in, line ^ u 'n 1 "'’ an explosive manner; 

and tl, c f'’' " ^ temperature 

an the eompoun is easily decomposed by heat. Inversely, the 

iXs a ^ of low atomic weight 

X" Ug fr- its hydrogen 

HI+C 1 =HC 1 +I, 

LSrinirof 

other one free: compounds, setting that 


KClOs+I^KIOs+Cl. 
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ELECTROLYTIC BISSOCIATION. 


65 , In § 30 it was stated tliat the properties of an aqueous 
solution of hydrogen chloride differ widely from those of the dry 
gas. It was also stated there that many other substances undergo 
a similar change of properties when they are dissolved in water. 
We may now consider the nature of this change. 

If we investigate the freezing-point depression of the aqueous 
solution of an acid, b|-se or salt of known concentration, we find 
that the depression does not correspond with that calculated from 
the accepted molecular weight (§ 43). The fr^g^iUSdiailiiJ depres- 
sion and the boilin^^o^ elevation are both greater than they 
should be. A 1% sodium chloride solution would, for example, 


19 

he expected to show a depression of ^^—0.325°, the molecular 

Oo.O 


depression for water (§ 43) being 19, i.e. Ailf-19, and the molec- 
ular weight of sodium chloride 58.5. In reality, however, the 
depression is found to be 1.9 times as great, namely, 0.617°. As 
the osmotic pressure is proportional to the freezing-point depres- 
sion (§ 42), it must also be greater than the calculated amount. 

An analogous phenomenon is observed in the case of gases. 
In quite numerous instances the pressure exerted by a definite 
weight of gas occupying a definite volume at a definife temperature 
is greater than the calculation indicates. This is explained by 
assuming a breaking up of the gas molecules : the number of 
particles free to move about is thus increased and accordingly the 
pressure becomes greater. This phenomenon is known as disso- 
ciaf.im 49 ). 

In the case of the abnormal osmotic pressure one is led to a 
similar explanation by assuming that the molecules are split up 
into several independent particles. A difficulty arises, however, 
when one considers how such a division is to be conceived. In 
solutions of salts in water it would be possible to assume a 
hydrolytic separation, i.e. into free base and free acid (p. 103), 
which would necessarily be complete in dilute solutions of the salts 
of strong acids and bases, inasmuch as the osmotic pressure of such 
*^olutions in concentrations of normal (§ 93), for instance, 
Jimounts to double the calculated pressure. There are, however, 
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serious objections to such a hypothesis. In the first pkce, it has 
never yet been possible to separate such a solution by diffusion into 
the free base and free acid which it is supposed to contain. A 
second and still more serious objection is that an acid or base in 
an acpicous solution by itself exerts an osmotic pressure greater 
tlian that calculated. Here, however, hydrolytic dissociation is 

impossible, ^ ^ ^ r j • 

The question as to the real nature of the division has found its 
answer in a consideration of the relation wdiich exists between the 
abnormal osmotic pressure and the transmission of the electric- 
current, Arrhenius observed that only those substances which 
conduct the electric current in aqueous solution, namely, acids, 
bases and s^s, show the above-mentioned abnormalities in osmotic 
pressure. When these substances are dtSStJlved in another liquid 
than water, the resulting solution is a non-conductor, but its 
osmotic pressure again assumes the normal. These facts make 
plain the connection between these apparently very heterogeneous 
phenomena. 

In order to understand this relation it is necessaiy to know 
the usual explanation of electrolytic conduction. Let us consider 
hydrochloric acid as an example. Perfectly dry hydrochloric acid 
gas is a non-conductor, as is also perfectly pure water. However, 
when the gas is dissolved in water, a solution is obtained which 
transmits electricity very well. Evidently a certain reaction must 
have resulted from the mixing of the water and the hydrogen 
chloride. We were led to surmise this above (§ 29), when it was 
found that this gas solution does not obey Henry's law. Since 
during the transmission of the current the hydrogen chloride is 
broken up into hydrogen and chlorine while the water remains 
unchanged, it must be assumed that the hydrogen chloride molecules' 
arc Ihe ones which have undergone a change. 

The phenomena of electrolytic conduction now find their com- 
plete explanation in the assumption that the change which the 
hydrochloric acid underwent consisted in a separation of its mole- 
cules into electrically charged atoms {iom). This separation may 
ha^ e been complete or partial, ffie extent depending upon the con- 
centration among other things. When a current passes through 
the solution, the neg^ely cha rged chlorine ion s (the anions) are 
drawn toward the 
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electrically neutral on contact with the. latter and escape from the 
liquid. Similarly the positively charged hydrogen ions (catioiis). 
wander toward the negative electrode (cathode). In this way 
conduction goes on, the undivided molecules having no part in it. 
This division of the molecules is known as electrolytic dissoc^ 
^tioD^rJOTiiyfltinn 

The existence of free ions in the solution of an electrolyte 
is demonstrated by Ostwald in the following manner. The tube 
(lbcdf^ Fig. 24, is nearly filled with dilute sulphuric acid. The 



Fig. 24. 

narrowed portion be Ls about 40 cm. long. A rod of amalgamated 
zinc is lowered into a to serve as the positive electrode, wliiie a 
platinum wire is fused into d at p for a negative electrode. If 
connection is made with a battery of ten accumulators, there is 
an immediate evolution of hydrogen at p. The passage of the 
current through the liquid results in the formation of zinc sul- 
phate around the bar in a: 


Zn+H 2 S 04 = ZnS04+H2. 

Xow if this hydrogen has to pass through be to p, it must cover 
Ihe 40 cm. in a very brief space of time. However, it has been 
shown both by investigations which cannot be described here 
S'Ud by calculus that this migration would take many hours. The 
hydrogen appearing at p as soon as the circuit is closed cannot, 
therefore, come from a; the most natural explanation is to sup- 
pose that there are already free ions in the neighborhood of p 
that they are discharged by the current and given off from 
the liquid as free hydrogen. 

In order that this hypothesis may also account for excessive 
osmotic pressure, it must be assumed that the ions are independent 
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particles, just as free to move as the molecules are supposed to be. 
The number of freely moving particles in th^ same volume is 
thus increa.sed. Hence, wliethcr the amouht of ionization is cal- 
culated from the electrical conductivity or from the osmotic 
pressure, the result should be the same according to the abo^c 
hypothesis. This is found to be the case. 

Supposing that every molecule yields n ions by the dissociation and 
that the dissociated iwrlion of the whole number of molecules is r, the 
number of freely moving particles is 

The osmotic pressure must therefore be [1 + r(w -1)] times as great as 
in the case of undivided molecules. If this pressure p is in the latter 
case, then 

p-pj;i + r(n-i)], 

wherefore 


From the electrical conductivity we are to able find the value of y in 
the following way: As the dilution becomes greater, the molecular con- 
dudivity in cremes. By this term we mean the specific conductivity of 
the solution multiplied by the number of liters in which a gram-molecule 
of the substance is dissolved As the dilution is gradually increased, the 
molecular conductivity approaches a definite limit. Since the conductivity 
is only due to the d i s s o c i a t e d molecules, it may be assumed that, 
when this limit is reached, all the molecules are broken up into ions. If 
the molecular conductivity for infinite dilution is represented by and 
that for the dilution v {1 gram-molecule in v liters) by it is evident that 



The following table shows the agreement of the values calculated 
by the two methods. The values opposite were calculated from the 
observed freezing-point depressions and those opposite ye from the con- 
ductivities of the salt solutions. The concentration throughout is 1 g. per 
liter. 



KCl. 

NH,a. 

KI. 1 

NaJf'03. 

h 

0,82 

0.88 

0.90 

■ 0.82 

Te 

0.86 i 

0.84 

0.92 

0.82 
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66. In a case of electrolytic dissociation we have an equi* 
librium to deal with, namely, that between the undissociated 
molecules on the one hand and the ions on the other. In the case 
of a monobasic acid this equilibrium may be represented by 

where A' is the acid radical (anion) and H' the hydrogen ion 
(cation). For a base we have 

We may apply here the equilibrium equation deduced in § 49. 
Given a gram-molecules of AH per unit-volume, of which x are 
divided into two ions each, then the equilibrium is represented by 

a~x=Kx^. 

From this equation it necessarily follows that the dissociqiion is 
diminished by the introduction into the solution of a substance with 
like iom (just as the addition of hydrogen or iodine reduces the 
dissociation of hydrogen iodide gas, § 50). This effect may be 
produced on a salt in solution by the addition to the solution of a 
salt of the same base or a salt of the same acid. The equation then 
becomes 

a—x=^K-x{x+p), 

p being the concentration of the added ion. K can only remain 
constant provided x diminishes. 

It also follows that the degree of dissociation depends on the con- 
centration. If the latter be increased n-fold, we have from the 
above equation 

n(a— x) =Kn‘^x^, or {a—x) 

If n is > 1, X must diminish, i.e. the ionization decreases with 
increasing cmcentraiion. If n is < 1, x must increase, i.e. the 
ionization increases with the dilution. When n is infinitely small, 
^’e'have a-x, in other words, oi infinite dilviion the ionization is 
complete. 

We are now able to give another definition of acids and bases 
th^ that of § 30. Acids are those substances which give H-ions 
in aqueous solution^ bases under the same condition give OH^ 
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All the properties of acids, bases and salts are closely con- 
nected with the degree of their ionization,— among others that 
which is indicated by the rather vague term ^‘strength’’ of an 
acid or base. 

As early as the eighteenth century it was observed that an 
acid can sometimes expel another acid from its salts. On adding 
hydrochloric acid . to sodium carbonate, , for instance, sodium 
chloride is formed and carbonic acid given off. The same is true 
of bases, '\^Tien a solution of caustic soda is added to a solution 
of iron chloride, iron hydroxide is precipitated and sodium chloride 
is also formed. The acid or base that can expel another from its 
salts was considered by ISergmann (1735-1784) to be “stronger’' 
than the one expelled. 


Experience has taught that those acids and bases are strong- 
est which are the most i o n i 3 e d for the same dihition. Hydro- 
cliloric acid is, for example, stronger than hydrofluoric acid. At 
a dilution of one gram-molecule per liter the former is almost 
completely (about 80%) split up into ions, the latter only 3% 

It was remarked above (§ 30) that acids turn blue litmus red 
ami bases red litmus blue. It is only natural to seek the cause of 
these common properties of acids on the one hand and bases on 
le other m that which all acid solutions have in common, namely 
hydrogen ions, and in that which all solutions of bases have in 
common, namely, hydroxyl ions. The reactions be- 
tween acids, bases and salts in aqueous solu- 
two",, "‘it invariably reactions be- 

insfsnn IT," 1 / ^ explain this later in many 

Aances; the following example may suffice for the present. 

Wien di ute solutions of a base and an acid are mixed, we have 
taren i!"" understand what reaction has 

Itost wl, ™ “lotion >»ost salts are 

un nnlv i ^ however, is split 

P only in an extremely small amount. In the equiUbrium 


Now,whe^TbM7aSd''’ M *''® right-hand side, 

solution M-+OH' and T+^H' together in the 

freely side by side; but notso with H “f ’ "T 

wiin n -f*OH , for these must unite 
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to form water according to the above equilibrium. In the forma- 
tion of the salt we therefore have only the H* and OH' ions uniting^ 
producing undissociated molecules of water. 

It is now easy to understand also why a strong acid (i.e. one 
almost completely ionized) expels a weak (slightly ionized) acid 
from its salts. To use an example, suppose we add to a liter of 
a sodium fluoride solution, containing one mole of the salt, a 
similar solution of hydrochloric acid. In the mixed solution we 
have the ions 

H’-hCl'+Na’ + F. 

Since the equilibrium HF^H' +F' is conditioned on the presence 
of only c>f H’ ions and F' ions, there is a large excess of these 
ions in the liquid and almost all of them must unite with each 
oilier, while the Xa* and Cl' ions remain free; in other words,^ 
hydrofluoric acid and sodium chloride (dissociated) are formed. 

It also becomes manifest that the old notion, once very gen- 
erally held, that the stronger acid expels the weaker one from its 
salts completely is incorrect. When the expelled acid or base escapes 
from the solution as a gas or is precipitated, the expulsion may in- 
deed seem to be complete; we shall examine the case more thor- 
oughly in § 73. 

We can now go a step farther. It was stated above that water 
is partially ionized, though only to a very slight extent. Suppose 
that we dissolve in water a salt of a strong base and an extremely 
weak acid, such as potassium cyanide, for instance. As such a 
salt is highly ionized, we have in the solution the ions 

H‘+OH'+K+CN'. 

the acid HCN is very weak, there will be too many CN' ions 
in the liquid to satisfy the demands of the equilibrium equation 

H*+CN'FiHCN; 

^ence some of the H* ions of the water will unite with CN' ions, 
‘^t the same time, however, an excess of OH' ions is created in 
die liquid; for, inasmuch as potassium hydroxide is a strong base, 
they do not unite with the K‘ ions. The water, which originally 
fillets neutral, because hydrogen and hydroxyl ions are present in 
^iial numbers and are mutually compensating in regard to their 
^tion on litmus, thus comes to have an alkaline reaction by the 
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solution in it of potassium cyanide. AVe therefore see that salts of 
this nature are partially split up by water into free base (K +OH') 
and free acid (undiswjciated HCN). This phenomenon is called 
hydrolysis. AVe shall meet ^ith it frequently in the sequel. 

AA^'hen Arrhenius presented the doctrine of electrolytic dis* 
sociatioii in 1887, it met with much opposition. It was seen 
that its effect would be to produce a veritable revolution of many 
previously accepted views. Compounds such as hydrochloric 
acid, sodium nitrate and others, which had ever been considered 
as the most stable, were to be supposed according to the theory 
of Arrhenius to break up as soon as they dissolve in water. It 
also seemed nonsensical that w-e should have to assume the exist- 
etice of free potassium and iodine in a solution of potassium iodide, 
for example, since potassium produces hydrogen and potassium 
hydroxide as soon as it touches ^vatcr and since a KI solution is 
colorless, while iodine solutions are brown. 

8o far as the first point is concerned, it should be noted that 
it is the solutions of these same strongly ionized compounds wliieli 
are chemically the most active, a fact which indicates rather a 
loose than a firm union of the constituent atoms in the molecules. 
In regard to the example of potassium iodide solution and other 
cases, care must be taken not to confuse atoms and ions. The 
solution of potassium iodide — retaining our illustration — contaiiE 
neither free potassium nor free iodine but ions oj potassium and 
ions of iodine. The atoms, however, must possess an altogether 
different energy supply than the ions, whose electric charges are 
very heavy, as can be proved by different methods. It is this 
energy supply on wTich the properties of bodies depend ; and siime 
this is apparently much different with the ions than with the atoms, 
it is perfectly natural that the latter should display other proper- 
ties than the former. 


SULPHUR. 

67, Sulphur w^as known to the ancients. It occurs free io 
nature, principally in the vicinity of active or extinct volcanoe?. 

1 C y IS its most important locality, but large quantities are also 
found in Iceland, Japan, the United States (Yellowstone Park) 
and Mexico. It is separated from the accompanying rock, or 
matrix, by fusion. 
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Extraction. — In Sicily this has been done for centuries in a rather crude 
manner, the sulphur itself being used as fuel, whereby about one>half is 
lost Fig* 25 represents a vertical section of a kiln. The latter is built 
in the side of a hill, as indicated, and the ore is piled up in it so that air 
passages (6) remain open. The entire heap is then covered wth powdered 
ore (c) and on top of this is placed some calcined ore, so that the entrance 
and circulation of air is largely prevented. This heap (cakaTone) is 



ignited below; a part of the sulphur burns and the heat that it generates 
is sufhcieiit to melt the rest, which flows out at (n) and is collected in (d). 

Refining. — The sulphur thus obtained is still impure, containing among 
other substances about 3% of sand. It is refined (Fig. 26) by distillation. 
The crude sulphur is melted in B, whence it is let down into the cast-iron 
cylinder A, ^Yhich is heated to a temperature above the boiling-point of 
sulphur. The vapor is conducted into a large brick chamber, equipped 
^vith a safety valve for the release of air. If the distillation is conducted 
so slowly that the temperature of the chamber does not exceed the 
boiling-point of sulphur, the latter is deposited in the form of a fine 
powder, called ‘‘flowers of sulphur” — just as water vapor, when suddenly 
cooled below 0°, turns to snow. Rapid distillation, however, yields a 
layer of liquid sulphur on the floor. It may be let out through the 
opening Q and cast into slightly conical wnoden molds. This is the roll 
sulphur, or the roll hrimstonef of commerce. 

I^esides occurring in the free state sulphur is also found in 
numerous compounds, from some of which it is obtained, e.g. 
or iron p3Tites, FeS2, which yields sulphur on heating: 

3FeS2=Fe3S4+2S. 
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Many other compounds of the clement mth metals, the sul. 
Tihides occur in nature, c.g. galenite (lead sulphide), zim 
blende (sphalerite, zinc sulphide), slibnite (antimony sulphide), 
cinnabar (mercury sulphide), reolgar and orpimeni (aisemc snl- 



pliides) and chalcopi/rite (copper pyrites, copper and iron sul- 
phide). Sulphur also occurs in the natural sulphates^ of which 
gypsum (CaS 04 + 2 H 20 ) is the most important. It is also found 
in the organic world as a constituent of the albuminoids. 

Physical Properrics.— Sulphur is known in various modifications. 
At ordinary temperatures the stable form is a yellow crystalline 
solid; melting-point, 114.5°; boiling-point, 445°. A little above 
its melting-point sulphur is a mobile yellow liquid. With a con- 
tinued rise of temperature it becomes much darker in color and 
very viscid; at 250° it can no longer be poured; above 300°, how- 
ever, it again becomes mobile, the dark color remaining; at 415° 
it boils, producing an orange-colored vapor. During cooling tlics^ 
phenomena reappear in inverse order. At - 80° sulphur is colorless. 

Sulphur is insoluble in water and difficultly soluble in alcohol 
and in ether; it is easily soluble in carbon disulphide and in sulph'^^^ 
monochloride, SgClg. ^ 100 parts CS 2 dissolve 46 parts S at 22°. 

The 7nolecular weight of this element, more than that of .'loy 
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otlier, depends on the temperature. Sulphur dissolved in carbon 
disulphide and in fused naphthalene possesses, according to the 
determination of the boiling-point elevation and the freezing-point 
depression, the molecular formula Sg. In the gaseous state the 
density (air=l) varies from 7.937 at 467 to 2.23 at 860° and 
tlicn remains constant even as high as 1040°, indicating that at the 
lowest temperatures sulphur vapor consists of Sg molecules, and at 
860° of only S 2 molecules. 

68. Alloiropic ModijicatioTis.—'Th.e ability of sulphur to form 
molecules of a greatly varying number of atoms is probably the rea- 
son why it exists in several allotropic conditions. At least four solid 
forms are known, while in the liquid state the viscid modification 
may also be considered as an allotropic form. The solid allotropic 
conditions can be divided into crystallized and amorphous. Sul- 
phur is dimorphic, forming rhombic as well as monoclmic crystals. 
The former are transformed into the latter on heating. 

Rhombic sulphur can be obtained in beautiful crystals by allowing a* 
solution of sulphur in carbon disulphide or chloroform to slowly evaj)orate. 
Monoclinic sulphur is easily obtained in the following manner: Some 
sulphur is fused in a large crucible and allowed to cool slowly until a crust 
forms on the surface. The crust is then broken through and the liquid 
sulphur poured out; the sides of the crucible are found to be covered 
with long, yellow transparent needles. In the course of a few hours these 
become opaque and brittle, however, and crumble at the slightest touch 
to a powder, which is found to consist of rhombic crystals (c/, § 71). 

Amorphous sulphur can be obtained in two ways, the proper- 
ties of the tw^o products being unlike. Thus we have an amorphous 
sulphur soluble, and another insoluble, in carbon disulphide. 

The soluble kind results from the decomposition of certain sulphur 
compounds. ^Vhen hydrogen sulphide water is exposed to the air, sul- 
phur slowly separates in the form of a white powder. The polysulphides 
(CaSn, K2Sn, etc.) yield, when decomposed by an acid, a cloudy milk-like 
liquid, which is found to contain extremely fine particles of amorphous 
sulphur. In either case there is always formed in addition to the soluble 
variety some insoluble (in CSj) sulphur. 

The insoluble form may be beat prepared in the following manner; 
^iuli)hur is heated till the viscid stage is reached, and is then poured in a 
line stream into cold water, whereby the semi-solid plaslic modification is 
formed, which becomes brittle after a time. Sulphur iu this state is, 
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excepting a small portion, insoluble in carbon disulplude. Plastic sul- 
phur passes gradually over into the rhombic modification; at 95° the 
transformation is sudden and accompanied by the evolution of consider- 
able heat. 

69. Chemical Properties. — Sulphur combines directly with 
many elements, not only metals but also metalloids. It has been 
already stated (§ 10) that it burns with a blue flame when heated 
in air or in oxygen. The halogens and hydrogen unite with it 
directly. Powdered iron and sulphur, when mixed and heated 
combine energetically, producing great heat (§ 20), Copper takes 
fire in the vapor of boiling sulphur. When mercury and sulphur 
arc rubbed together in a mortar, black mercuric sulphide, HgS, is 
/ormed. The sulphur compounds of the metals are called s u'l- 
p h i d e s . 

THE TRAXSITION POINT. 


70. As stated in § 6S sulphur can crystallize in two modi- 
fications, rhombic and monoclinic. These modifications can be 
readily transformed into one another. The peculiar phenomena 
connected with tliis transition de.serve a closer study. At ordi- 
nary temperatures sulphur is rhombic and remains so till the 
temperature 95 . 4 ° Ls reached, above which there begms a slow but 
complete transformation into the monoclinic variety. Inversely 
when the moiiodhiic modification is subjected to a temperature 
below 9,1.4 , a complete change into the rhombic form occurs. 
At he temperature named the two modifications are equally 
stable and can e.xist side by side in any proportions for an indefinite 
period; above it only the monochnic, below it only the rhombic, 
omi can c.xiat permanently. Such phenomena are not infrequent. 
The emperature at which' the one system passes into the other 
a called the transition point, also point of inversion. This tran, bi- 
llon point possess great analogy with the melting-point. .Inst 

te Mow ^“ter into 

Doint nnlv ’ of substances possessing a transition 

one system is stable below that point, above.:it only 

sam^^Liruft'' is ex^tly tlie 

slightly below its"mpr t temj^raturi's 

ing-point, and repre.sent graphically in the 
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diagram OTP (Fig. 27) the values of the vapor tension corre- 
sponding to different temperatures. The result is the line marked 
ICC in the figure. This vapor-tension curve, if prolonged through 
and beyond the melting-point, is found to bend sharply at the 
latter and take a new direction. This deflection is very slight in 
the case of ice and water; it can be nevertheless experimentally 
detected; it is much more evident with benzene and many other 
substances. By carefully cooling water it can be made to remain 
liquid even under 0°; such a hquid is said to be supercooled. 
The vapor tension of this supercooled water is greater than that of 
ice at the same temperature and the curve representing the former 
is but a continuation of the vapor-tension curve for water. Since 
the vapor tension of supercooled water is greater than that of ice, 
water at temperatures below 0° must, according to previous con- 
clusions (§ 43, 3), pass into ice when the two are in contact. How- 
ever, the vapor tension of water at a temperature slightly above 
0° will be less than that of ice and we shall liave the ice transformed 
into water. It is therefore evident that both above and below 
the melting-point one of the systems will necessarily disappear. 




Exactly the same explanation can be offered for the transition 
pint. Below 95.4° the vapor tension of rhombic sulphur is less 
than that of monoclinic sulphur; above, the vapor tension of the 
rhombic variety exceeds that of the monoclinic. There is therefore 
a complete transformation from one system to the other wlien 
the temperature is other than 95.4°, for the same reason as in the 
case of the melting-point; moreover, just as ice and water under 
ordinary pressure can exist side by side indefinitely only at 0°, so 
both modifications of sulphur are coexistent only at 95.4°, since 
only then is the vapor tension the same for both systems (Fig. 28). 
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Of the various methods for the determination of the transition 

point a convenient one is the dilalomeinc mdhod. It is based on 
the change of volume (specific gravity) which a body usually 
undergoes on passing through the transition point. In measuring 
this a dilatometer is used, an instrument which may be 
compared to a thermometer of very large dimensions. After 
rhombic sulphur, for example, has been placed in the dilatometer 
the latter is filled with a chemically indifferent liquid (kerosene, 
linseed oil) and put in a large ^vater bath; the temperature is 
then slowly raised. Below the transition point the volume is 
seen to slowly and steadily increase with the temperature on 
account of expansion; as soon -as the temperature gets a trifle 
above 9o.4° however, a marked increase of volume is observed, 
even if the temperature be maintained constant; thereupon 
expansion again proceeds gradually, as before, if the temperature 
is allow'ed to rise. The marked change of volume indicates tlie 
transition of the rhombic sulphur into the monoclinic modification. 


THE PHASE RULE OF GIBBS. 

71 . Very many physical and chemical phenomena have been 
correlated and made easy of comprehension by a theorem which 
Gums has deduced thermodynamically. He calls it the “phase 
rule. In order to understand its meaning it is necessary to con- 
sider first a few^ definitions. 

We^ may take, for example, a saturated solution of salt and 
water in a vessel that is closed with a movable piston. Under 
this solution let there be a little solid salt, above it the vapor of 
the solution. The salt and the water, of which the system is made 
up, are called by Gibus substances, i.e. those corrifonenis which can 
combine with each other in vanahle proportiom (forming in this 
case a solution). Moreover, the system consists manifestly of three 
parts that can he mechanically separated; viz., solid salt, solution 
and vapor Gibbs terms such parts of a system phases. The 
system under consideration is made up, according to these defini- 
tions, of tw'o substances and three phases. 

So long as the temperature remains constant, the vapor of the 
sa t solution possesses a definite tension. If we increase the 
volume oy raising the piston, a definite amount of water will evaje 
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orate; since the solution was saturated, the result will be that a 
little salt will be deposited; in the end the quantities of vapor, 
solution and salt will therefore have altered, but the composition 
of each phase will remain the same. The tension, and hence also the 
concentration, of the vapor remain unchanged, since the temperature 
is constant; there is likewise no change in the concentration of 
the salt solution. The same is true in case the volume be dimin- 
ished. It therefore follows that the equilibrium of such a system 
is independent of the quantities of the various phases. An equi- 
librium of this sort is called by Gibbs a “ complete ” equilibrium, 
and since the system is not homogeneous throughout, but con- 
sists of three parts which can be mechanically separated, it is 
termed a complete heterogeneous equilibrium. It possesses the 
following characteristic: At a given constant temperature the 
vapor pressure is definite. Under an even slightly greater or 
smaller pressure, one of the phases will gradually and completely 
disappear, provided the temperature remains constant. On 
increasing the pressure the gaseous phase wholly condenses, so 
that only solution and salt remain, A decrease of pressure results 
in the complete evaporation of the solution, vapor and salt only 
being left. 

The same is true when the pressure remains constant and the 
temperature varies. 

An entirely different behavior is shown by a system made up 
of an unsaturated salt solution and its vapor. At a constant tem- 
perature and a definite position of the piston the vapor tension has 
a definite value, as in the former case. If, however, the volume 
of vapor be changed, the tension will correspondingly varjq for, if 
the volume be increased, for example, more water will evaporate, 
the solution will become more concentrated and the vapor tension of 
course lessen. Therefore for every definite temperature there are 
not simply one but infinitely many pressures under which this 
system can be in equilibrium. The result is that the slightest 
cliange of volume or pressure does not necessitate the disappear- 
ance of one of the phases. Gibbs calls this sort of equilibrium an 
incomplete heterogeneous equilibrium. 

Suppose that a solution of salt which is not quite saturated be 
put under the piston and the piston slowly raised, the temperature 
remaining constant. The vapor tension will thereupon steadily 
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decrease till the point is reached when the solution is saturated. 
Any further increase of volume has no effect on the vapor tension 
because salt at once begins to separate out and the concentration 
of the solution does not change any more. At the moment the 
solution becomes saturated the incomplete heterogeneous equilib- 
rium passes over into the complete equilibrium. 

The phase rule may now be expressed thus: A complete hetero- 
geneous equilibrium exists when n s'ubstances form 7i+l phases. 
If less phases are present, the equilibrium is incomplete. 

The example of the salt solution illustrates this well. In the 
case of complete equilibrium there Avere two substances (water and 
salt) and three phases (solid salt, solution and vapor); in the case 
of incomplete equilibrium there were also two substances present, 
but only two phases. 

Let us apply the phase rule to water and to sulphur, in order 
to see what significance is given to the melting-point and the 
transition point by this method of treatment. In both cases wc 
haA^e only one substance; complete equilibrium will therefore exist 
when two phases are present. In the case of water tliree phases 
are possible, namely, ice, liquid and vapor. 

In the Mowing graphic representation, Fig. 29 , the tempera- 



Let us first i pressures, P, as ordinates. 

xjhi us nrst consider liquid water qbnvo no m . 

there corresponds a definite vapor tenln ' irr^ 

point in thp lint, * r .r , t-^nsion. ihe ordinates of everv 

greater than that indicated by tlic 



§71.] 


THE PHASE RULE OF GIBBS. 


113 


ordinate, the gaseous phase would completely disappear. The line 
OB therefore represents the boundary between the liquid and 
gaseous phases for the various temperatures and pressures, E\^eiy 
point in the area COB represents the liquid, every point in AOB 
the gaseous, phase. Only the points of the line OB indicate the 
temperatures and corresponding pressures, at which both phases 
are coexistent. The line OB therefore ends on one side at its 
other end is at the critical temperature, since at this point vapor 
and liquid become identical, Let us now allow the temperature 
to fall below 0^ The liquid phase disappears and ice takes its 
place. The ordinates of the points on the line OA again give the 
vapor tensions of ice for different temperatures. For the same 
reason as above OA is the boundary line between the solid and 
gaseous phases. Only along this line are the two coexistent. The 
line OA extends to the absolute zero, since the gaseous phase then 
disappears. 

I he melting-point of ice depends somewhat on the pressure, 
being lowered by increasing pressure 0.0075'’ per atmosphere! 
Both phases, ice and water, will therefore be coexistent along the 
line OC, which shows a very considerable rise of pressure for a 
very slight fall of temperature. In this case also a change of 
pressure at a constant temperature, or the reverse, involves the 
complete disappearance of one of the phases. The line OC will 
end at a point where the liquid and solid phases become identical, 
i.e. where the whole system turns to a homogeneous amorphous 
mass. The location of this point has not yet been ascertained. 

The point 0, the melting-point of ice, Ls, according to the above 
mode of representation, the point of intersection of the three 
lines which separate the phases and along which two phases are 
coexistent. It is called a triple point. Only in this point is it 
possible for the three phases to exist side by side; it is the common 
point of the areas which represent regions of the three phases. 
The more general significance which attaches itself to the melting- 
point as a result of the application of the phase rule is readily seen. 

In the case of sulphur we have one substance and four possible 
phases; rhombic, monoclinic, liquid, gaseous. Fig. 29 makes 
plain the relation between these phases. Below 95.4° sulphur is 
rhombic; the two phases are rhombic sulphur and vapor. The 
line OA forms the boundary between the two regions. At 95.4° 
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the rhombic phase passes into the monoclinic phase. The ordi- 
nates of the line OB represent the vapor pressure of monoclinic 
sulphur at the temperatures 95.4^-120°. The two crystallizable 
phases can exist side by side at the point 0 (the transition point). 
According to researches by Reiciieii this transition point depends 
on the pressure; an increase of pressure of one atmosphere raises 
it about 0.05'^. The boundary between the crystallized phases is 
therefore furnished by a line OC, which shows that a very slight 
rise of temperatuj’e is followed by a very considerable increase of 
pre.ssure. At 0 we have therefore a triple point, i.e. a point com- 
mon to both crystallized phases and the gaseous phase, At B, the 
melting-point of monoclinic sulphur, there is a second triple point 
which is wholly analogous to the melting-point of ice. Finally, it 
should also be noted that the line BC', which separates the liquid 
and the solid phases, must indicate a rise of melting-point for an 
increase of pressure, since sulphur melts higher the greater the 
pressure. Ihe lines OC and BC' are not parallel but intersect, 
according to Tammanx’s experiments, at 15r and 1281 atmos- 
pheres. 


At tlie triple point neither the temperature nor the pressure 
can be changed without altering the kind of equilibrium. This is 
well expressed by saying that the system is nonvaiiant, i e it has 
no (kgree oj freedom. Along the lines OA, OB and OC, however 
any temperature may be selected and the pressure will under suit- 
able conditions conform to it, or vice versa. This system is there- 
fom univariant; it has one degree of freedom, ‘it is likewise 
easiy seen that an unsaturated solution represents a divariant 
s>s em because in this case the temperature and pressure (within 
certain limits) can be selected at will. 

noBvarianS. If, then, we call the number of phases P the number 
of substances 5 and the degrees of freedom I we havet ge^^l 


f’+P=B+2, 

every phase less giving one more degree of freedom. 
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hydrogen sulphide, sulphuretted hydrogen, HjS. 

72. This gas occurs in nature chiefly in volcanic regions. Cer- 
tain mineral waters, especially the so-called ^‘sulphur springs/’ 
contain it. It is also found as a putrefactive product of organic 
bodies. 

Hydrogen sulphide can be obtained from its elements by 
synthesis. They unite almost completely when heated together 
for a long time (about 168 hours) at 310°. 

11 can also be obtained by the action of hydrogen on sulphur 
compounds, as well as by the action of sulphur on compounds of 
hydrogen; the reduction of silver sulphide, Ag2S, with hydrogen 
at high temperatures illustrates the former case, while the boiling 
of turpentine oil with sulphur is an example of the latter. 

None of the above methods is adapted to the preparation of 
the gas in the laboratory. For this purpose the interaction of a 
sulphide with a hydrogen compound is employed, iron sulphide 
and dilute acids being generally used : 

FeS+2HCl==FeCl2+H2S. 

In order to have suli^huretted hydrogen always at hand, it being in con- 
stant demand in analytical work {cj. § 73), a very convenient apparatus 
was devised by Kipp, which can be used for the generation (at ordinary 
temperatures) of other gases as well. Its construction is shown in the 
figure (see next page). 

The lower globe is joined to the basal portion by a narrow neck, while 
the globe tapers into a long tube, which fits tightly into the lower 
globe and extends nearly to the bottom of the generator without com- 
pletely filling the neck. The iron sulphide is put into the middle portion 
and the dilute acid is poured into the upper portion, the stopcock remain- 
ing open. As soon as the basal part is filled with the acid the cock is 
dosed and the top part is half filled with more acid. When the cock is 
opened the liquid sinks in the top part and rises into the middle portion, 
^vlicrc it reacts with the iron sulphide to produce hydrogen sulphide, 
^diieh escapes through the cock. On closing the latter the gas continues 
to lie evolved till it forces the liquid back out of the part containing the 
iron sulphide. The reaction thus ceases automatically and the generator 
IS ready at any time to supply new quantities of gas on opening the cock, 
tdl either acid or sulphide is exhausted. The spent acid can be let out 
tlirough a stoppered opening near the bottom. 

On account of the free iron usually present in iron sulphide, the gaa 
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prepared in this manner contains some hydrogen. P e r i e c 1 1 y p u r e 
hydrogen sulphide is obtained by warming antimony sulphide, i5by% 
with concentrated hydrochloric acid. 



Physical Properties.— Hydrogen sulphide is a colorless gas of 
disagreeable odor, when diluted reminding one of rotten eggs, 
Under a pressure of about 17 atmospheres it becomes liquid at 
ordinary temperatures; liquid hydrogen sulphide boils at —61.8“ 
and freezes at -85°. The gas is rather soluble in water, 1 voL 
water dissolving 4.37 vols. H^S at 0° (“hydrogen sulpliide 
water”). It is poisonous; as an antidote very dilute chlorine 
may be inhaled. 

CheMical Properties.— Hydrogen sulphide is combustible and 
yields on combustion either sulphur dioxide and water or water 
and sulphur, according to the air supply: 

H2S+30=H20-hS02; H 2 S+O-H 2 O+S. 

In aqueous solution it is slowly oxidized by the oxygen of the 
air, sulphur being set free; this decomposition ia aided by light 
In order to preserve hydrogen sulphide water, it must be 
pared from boiled (air-free) water and put into a dark bottle, 
filled entirely and closed air-tight. The latter condition is best 
met by placing the bottle, stopper downwards, in a glass of water. 
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Hydrogen sulphide is a powerful reducing-agent. Bromine 
water and iodine solution are decolorized by it with separation of 
sulphur. (§§ 45 and 48). 

Various oxygen compounds are transformed by hydrogen sul- 
phide into compounds with less oxygen, e.g. chromic acid is 
reduced in acid solution to a chromic salt (§ 295). Fuming nitric 
acid acts so vigorously that a slight explosion occurs. When 
hydrogen sulphide is passed over lead dioxide, the gas ignites, 
while the oxide is reduced. Concentrated sulphuric acid, H2SO4, 
is also reduced; hence it cannot be used for drying the gas. 

Hydrogen sulphide possesses the character of a weak acid; 
when it is passed over zinc, copper, tin or lead, the corresponding 
sulphides are formed and hydrogen is set free. 

Composition oj Hydrogen Sulphide.— Whm a bit of tin is heated 
in dry hydrogen sulphide— in a tube over mercury— tin sulphide 
and hydrogen are formed. After cooling it is seen that the volume 
of hydrogen is just as great as that of the hydrogen sulphide. 
The same result is obtained when a platinum wire is heated to 
redness (by an electric current) in the dry gas, causing the latter to 
break up into its elements. Since 
the hydrogen molecule is H2, there 
must be two atoms of hydrogen in 
Ibe hydrogen sulphide molecule. 

Now the specific gravity of hydro- 
gen sulphide has been found to be 

1.1912 for air— 1, or 17.15 for 
A rpi 1 1 Fig. 32. — Decomposition of H,S. 

'^^=10. i he gram-molecule there- 
fore w’eighs 34.30 g., and, as it contains 2 g. hydrogen, there 
reniains for sulphur 32.3 g. This figure is very close to the atomic 
weight of sulphur, hence there can only be one atom of sulphur 
present in the molecule of hydrogen sulphide. We thus conclude 
Ihat the formula is H2S. 

73- Use of Hydrogen Sulphide in Aruilysis. — Hydrogen sulphide 
finds extensive use in qualitative analysis. A large number of 
are precipitated by it from acid solutions as sulphides, viz., 
Nd, platinum, arsenic, antimony, tin, silver, mercury, lead, bis- 
^nth, copper and cadmium, and also certain rare elements. Some 
nf these sulphides have a characteristic color, e.g. the orange- 
antimony sulphide, 8)3283, the yellow cadmium sulphide, 
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CdS, tte brown stannous sulpliide, SnS, the yellow stannic sulphide, 
SnS2, and the yellow sulphides of arsenic, As2S3 and AS2S5. The 
rest of the sulphides named are black. Other metals, such as 
nickel, cobalt, iron, manganese, zinc, chromium, aluminium, etc. 
are not precipitated by hydrogen sulpliide from acid solution, but 
are j:)recipitated by ammonium sulphide. Still other metals, such 
Bs barium, strontium, calcium, magnesium, and the alkalies, are 
not precipitated from their solutions even by ammonium sul- 
phide, so that we therefore possess in sulphuretted hydrogen and 
its ammonium compound a means of separating these elements. 

An answer to the question, why some elements are precipitated 
from acid solution by hydrogen sulphide and others are not, is 
furnished by the ionic theory. Let us take, for example, a dilute 
solution of copper sulphate, into which hydrogen sulphide is being 
passed. Copper sulphate is almost entirely ionized, hydrogen 
sulphide only to a very small degree (d). We therefore have in 
the solution: 


Cir+ S04"-f2m + <^S"+(1 -o")H2S, 

the cations being represented by a point and tlie anions by a line 
above and to the right, and the number of these points or lines 
indicating the ionic valence (§76). 

Some of the copper ions and sulphur ions will then unite to 
form iindissoeiated molecules, CuS, which are only slightly soluble 
in water and are therefore precipitated. As S-ions thus disapijcar, 
the equilibrium between hydrogen sulphide and its ion.s is dis- 
turbed; new H2S molecules are then split up into ions, so that 
there are again S-ions present, which can unite with copper, and 
SO on. The action proceeds according to the equation: 

CuS04-l-H2S = CuS-t-Il2S04, 

Insol. 

or, if only the ions which take part in it are represented: 


Cu’d- S'''=CuS. 


This takes place quantitatively if the copper solution is dilute 

However Tlf" “id was added. 

However, if these conditions are not fulfilled and, afs a result, the 
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concentration of the hydrogen ions is rather high, the presence 
of these ions reduces the ionization of H 2 S so much (§ 66) that 
no precipitate can be formed. The explanation is as follows: 
Copper sulphide, when in contact with winter, dissoh'es to an 
extremely small extent; in this solution we have the equilibrium: 

Cu'+ S^^;r±CuS. 

Tf the concentrations of the two ions are a and h, and that of the 
undissociated copper sulphide is c, we have the equation 

k being a constant for a fixed temperature (§66). 

The product ah has a definite value for every saturated solu- 
tion (since c is definite). This value is known as the solubility 
product of the substance in question. If in any case the product 
ab is less than this value, none of the substance can separate out, 
because the solution will then be unsaturated; if, how'ever, the 
product is greater than the solubility product, the substance will 
be precipitated. 

As soon then as the concentration of the S-ions becomes so 
small (because of the reduction of the ionization of hydrogen sul- 
phide by the H-ions of the acid) that it makes the value of ab 
smaller than that of the solubility product for copper sulphide, no 
precipitate will be formed. If, however, the liquid is diluted, the 
concentration of the H-ions decreases; then, if hydrogen sulphide 
is passed in, the concentration of the S-ions increases. The value 
of the solubility product can in this way be exceeded, in which 
event copper sulphide will be precipitated. 

If a small quantity of strong acid be added to a precipitate of 
copper sulphide suspended in water, only a very small amount 
of the sulphide will dissolve ; to be sure, the H-ions of the strong 
acid will remove a part of the S-ions, yielding some undissociated 
hydrogen sulphide, so that in order to establish equilibrium a trace 
of copper sulphide must go into solution; but soon the point will 
he reached when so many Cu- and ^-ions are again in the solution 
that the value of the solubility product is reached. After this 
moment no more copper sulphide goes into solution. Since the 
Value of the solubility product is very low, the solubility of the 
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sulphideindilutestrongacidsis very slight; hence the precipita- 
tioii of the copper sulphide becomes possible. 

On the other hand, if the solubility product of a sulphide is 
greater, as in the case of iron sulphide, the addition of sulphuretted 
hydrogen to the solution of an iron salt, e.g. ferrous sulphate, 
FeS04, will cause no precipitate of iron sulphide, and iron sulphide 
will, unlike the previous case, be dissolved by dilute strong acids. 
When hydrogen sulphide is led into a solution of ferrous sulphate 
to the point of saturation, the concentration of the S-ions is, on 
account of the slight ionization of hydrogen sulphide, not great 
enough together with that of the Fe-ions to rea(;h the solubility 
product of iron sulphide, hence no precipitate forms. Moreover, 
when dilute hydrochloric acid is added to iron sulphide, the H-ions 
and the S>ions form undissociated H2S molecules and the concen- 
tration of the S-ions therefore becomes too small in comparison 
with the value of the solubility product to prevent solution; hence 
in the presence of enough acid all the iron sulphide goes into solution. 

It now becomes clear, too, why iron solutions are precipitated 
by ammonium sulphide. This takes place according to the equa- 
tion 

FeS04+ (NH4)2S = FeS + (NH4)2S04. 

In this case there are no H-ions in the solution to act on the iron 
sulphide. 

The reason for the non-precipitation of metals like barium, 
etc., either by sulphuretted hydrogen or ammonium sulphide lies 
in the easy solubility of their sulphides. 

Hydrogen Persulphide. 

74, On boiling a solution of a base, potash or lime, with sulphur, 
polysulph ides are formed, i.e. compounds like I^Sj, K3S3, etc., 
up to K2S5 or CaS-. When a solution of these substances is treated with 
hydrochloric acid, a dense oily lupiid, hydrogen persulphide, separates 
out, whose composition is approximately represented by the formula 

It is, however, very unstable; it can not, for instance, be distilled, even 
in a vacuum. 

Compounds of Sulpliur with the Halogens. 

75. If ehlorine is^ conducted over molten sulphur, sulphur 
monochloride, 8202, is formed. Its formula is based on its va]>or 
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density and analysis. It is a yellow liquid of a very disagreeable, 
pungent odor, wbieh excites one to tears. It boils at 139° and 
possesses in a high degree the ability to dissolve sulphur— as much 
as 66% at ordinary temperatures. This solution is a thick syrupy 
liquid. It is used in the vulcanizing of rubber. 

Sulphur monochloride Ls slowly decomposed by water: 

2S2Cl2+2H20=S02 + 3S-f4HCl. 

TV'O other compounds of sulphur and chlorine are known 
SCI2 and SCI4. 

Sulphur dichloride, SCI2, is formed, slowly, when sulphur 
monochloride is mixed with liquid chlorine. The mixture has a 
yellow color at first but after a few days it turns red. A determina- 
tion of the vapor density of the red substance and of its lowering 
of the freezing-point of acetic acid or benzene leads to the formula 
SCb. It should, however, be borne in mind that a mixture of 
sulphur monochloride and chlorine, S2CI2+CI2, must give the same 
molecular weight as the compound SCI2. The existence of the 
8CI2 compound is proved not only by the above-mentioned change 
of color of mixtures of sulphur monochloride and chlorine but also 
by the following observations : (1) The composition of the vapor 
given off from fresh mixtures of sulphur mono chloride and chlorine 
is entirely different from that of the vapor given off after the mix- 
ture has turned red. (2) Mixtures of sulphur monochloride and 
chlorine decrease in volume, and this diminution is greatest when 
the composition corresponds to 82012 + 012. (3) The freezing-point 
curve of the system:— sulphur and chlorine— also indicates the 
existence of SCI2. 

Sulphur tetrachloride, SCI4, crystallizes in very small crystals 
^hen mixtures of sulphur monochloride and chlorine that have 
stood for a long time are cooled down by liquid air. Its melting- 
pciint is about —30°. No one has yet succeeded in isolating the 
crystals from the liquid in which they are formed; nevertheless 
tire form of the freezing-point curve of these mixtures indicates 
ruiquestionably the formula SCI4 for the crystals. Cf. § 237. 

Fluorine unites with sulphur to form a gas of the formula SFe 
^ud of rather surprising properties. It is colorless, odorless and 
rucombustible. At — 55° it solidifies with the formation of crystals. 
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Notwithstanding its high percentage of fluorine it is chemically 
80 indifferent that it almost resembles nitrogen in this respect 
(see p. 163 ). For instancCj it is not decomposed by fused alkalies 
nor by copper oxide at dull-red heat. It can be heated with 
hydrogen without yielding hydrogen fluoride. Moreover, sodium 
can be fused in sulphur hexafluoride without losing ite metallic 
surface, the not being attacked by the metal till the boiling, 
point of the latter is reached. 

VALENCE. 

76. Certain elements have the property whereby their atoms 
can combine with only one atom of another element. The halogens 
on the one hand and hydrogen on the other are able to form only 
compounds of the type HX(X= halogen). This property of tlie 
atoms is called univalence. 

In the (jase of other elements like ox5^gcn and sulphur each 
atom can enter into compounds with twm univalent atoms (exam- 
ples: H2S, H2O). These are therefore called bivalent. 

The number of univalent atoms that can combine with one 
atom of a given element serves in an analogous way as a measure 
of valence in general. An atom of nitrogen, for instance, uniies 
\Nith three atoms of hydrogen; nitrogen is therefore trivalent; 
carbon is quadrivalent, etc. 

The valence of one and the same element may be different 
according to the nature of the univalent elements with wLich it 
combines. Sulphur, for instance, can only unite with two hydrogen 
atoms, but vdth univalent chlorine it forms the compound SClj. 
with fluorine even SF0. The valence of sulphur in these cases is 
therefore four and six, The preparation of sulphur eompoiiiris 
with viore than six univalent atoms has not yet been accomplished: 
hence its maximum valence is six. 

The halogens are univalent towards hydrogen, but in relation 
to each other they display more than one valence, as may be seen 
from the compounds ICI3 and ICI5; in the compound CI2O7 ( 1 60 ) 
the maximum valence of chlorine can even be assumed to be seven. 

It has been very generally observed that when the maximum 
valence of an element is an even or an uneven number, its lower 
valences are of the same sort; the halogens and sulphur illustrate 
this. However, there are exceptions to this rule. 
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The number of &fvalent atoms which combine with an atom of another 
element can also serve as a measure of valence. We shall soon become 
acquainted with compounds of sulphur, SOj and SO^, in which its valence 
may be considered as four and six; this is made clear by the formulaj 

y,Q 

and S= 0 , in which each line stands for a valence (unit bond). It 

should, however, be noted that sulphur may also be considered as bivalent 

0 

in these compounds, according to the formula S<^. This differs from 

the above only by the assumption of a bond between the oxygen atoms. 
Which of the two forraulje for sulphur dioxide is correct has not yet been 
determined. 

The basis for this sort of formulse is the idea, borrowed from organic 
chemistry, that the atoms of a molecule may not assume any conceivable 
arrangement whatsoever, but that there is a definite order in every 
molecule. 

Valence of Ions. — In the solution of an electrolyte the sums of 
all the positive and all the negative amounts of electricity must 
be equal, for the solution acts as electrically neutral. In a solu- 
tion of hydrochloric acid the positive charge of the H-ions must 
he numerically equal to the negative charge of the Cl-ions and, 
since the same number of both ions are present, each Cl-ion must 
carry a charge equal, but opposite in sign, to that of an Hdon. 
In a sulphuric acid solution, however, the two Il-ions together 
nuist possess just as much positive electricity as the S04-ion nega- 
tive electricity. The SO 4^' ion is tliereforc called bivalent in re- 
spect to the hydrogen ion. It is readily seen how the valence of 
other ions can be determined in an analogous manner, for it is 
equal to the numerical value of their electrical charge, that of 
the hydrogen ion being taken as unity. 

Compounds of Sulphur with Oxygen. 

77. Of those containing only the two elements four are known, 
viz., S2O3, SO2, SO3 and S2O7. Especial importance attaches 
itself, however, only to SO2 and SO3; the two others have been 
little studied. 

Sulphur Sesquioxide, S2O3. 

This is obtained when sulphur is treated with its trioxide. It is a 
blue liquid, which congeals to a malachite-green mass and is soluble in 
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fuming sulphuric acid, giving a blue solution. On being warmed it 
breaks up into sulphur and the dioxide.: 

28303“ 3SO2+S. 

Water decomposes it with the formation of sulphur, sulphurous acid and 
polythionic acids. 


SULPHUR DIOXIDE, SULPHUROUS ANHYDRIDE, SOg. 

78, This gas occurs in nature in volcanic gases. It is formed 
when sulphur burns in the air or in oxygen; the well-known odor 
of burning sulphur is due to it. A little trioxide is also formed 
by this coiribustion. The laboratory method of preparation con- 
sists in decomposing sulphuric acid with copper. 

2H2SO4 + Cu = CUSO4 + SO2 + 2H2O. 


For this purpose concentrated sulphuric acid is heated with cop- 
per turnings, no action taking place at ordinary temperatures. 
The process can be explained by supposing that at the high tem- 
perature of the reaction copper first displaces the hydrogen from 
a molecule of acid; the hydrogen then reacts with a second mole- 
cule of acid, reducing it thus: 


H2S04+2H-S02+2H20. 

It has actually been found that concentrated sulphuric acid is 
reduced at a high temperature to sulphurous oxide by leading in 
hydrogen. 

The reduction of concentrated sulphuric acid by heating with 
charcoal is also a convenient method of preparation: 

2II2SO4 + C = 2H2O + 2SO2 + CO2. 

However, as this equation shows, the gas is obtained mixed with 
one third of its volume of carbon dioxide, from which it cannot he 
separated directly. 

Moreover, sulphm- dioxide can be obtained by the action of 
oxygen on sulphur compounds, thus, e.g. by the roasting of pyritc 
in a current of air: 

FcS 2 + 3O2 = SO2 + FeS04. 
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This reaction is employed on a large scale in the commercial 
manufacture of sulphuric acid*. 

The action of sulphur on oxygen compounds also yields sul- 
phurous oxide, e.g. heating copper oxide or manganese dioxide 
with sulphur: 

2Cu0+2S=Cu 2S+S02; Mn02+2S=MnS+S02. 

Finally, the dioxide is also formed by heating an oxygen com- 
pound (CuO) with a sulphur compound (CuS) ; 

CuS+2Cu0=3Cu+S02. 

Physical Properties— At ordinary temperatures and pressures 
sulphur dioxide is a gas. It has a peculiar taste and odor. It is 
easily liquefied, the boiling-point being —8°. Its evaporation 
produces a marked depression of temperature, sometimes extend- 
ing to —50°; at —76° it becomes solid. Liquid sulphur dioxide 
dissolves many salts, in some cases with a characteristic color. It 
is very soluble in water; at 0° 1 vol. H2O dissolves 79.79 vols. 
SO2, at 20° 39.37 vols. 8O2. Boiling the solution expels all the 
Sas (§ 84). 

Chemical Properties . — Sulphur dioxide is an acid anhydride; 
its aqueous solution has an acid reaction and behaves in general 
like that of an acid (§ 84). It is easily oxidized by oxidizing- 
agents to the trioxide. This occurs, for instance, when a mixture 
of sulphur dioxide and air or oxygen is passed over hot spongy 
platinum or platinum asbestos. In aqueous solution this oxidation 
takes place readily at ordinary temperatures. The oxidation of 
the dioxide can also be brought about by chlorine-water, bromine 
and iodine: 


CI2+2H2O+SO2 =H2S04+2Ha; 

also by chromic acid, which is reduced to chromium sulphate, or 
l^y potassium permanganate, which is reduced to a mixture of 
Manganese and potassium sulphates, and therefore loses its color: 


2 KMn 04 + 5SO2 + 2H2O = K2SO4 + 2 MnS 04 + 2H2SO4. 
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Lead peroxide glows faintly in a current of sulphur dioxide 
and is reduced to lead sulphate— -from brown to white: 

Pb02+S02 = PbS04. 

It is to its reducing action that the bleaching effect of sul- 
phurous oxide on vegetable coloring-matters is due. A red rose ■ 
for example^, loses color in it. The gas probably reacts with 
water, setting hydrogen free, which latter effects the reduction 
and hence the bleaching: 

SO2+2H2O — H2SO4+H2. 

In this case, therefore, bleaching depends on a reduction; as a 
matter of fact the color returns in many instances, when the 
bleached article is exposed to the oxidizing action of the air. Silk, 
wool and straw, i.e. substances that cannot stand the chlorine 
bleaching, are whitened commercially with sulphurous oxide. 
It also finds use as an antiseptic. 

The reduction of iodic acid by sulphur dioxide is sometimes employed 
as a test for the latter. For this purpose strips of paper are dipped in a 
solution of potassium iodate and starch, which turns blue in the presence 
of sulphur dioxide — iodine being set free (§ 47). 

If the reaction is carried out in dilute solution, a peculiar phenomenon 
is observed; the blue color of starch iodide does not appear directly when 
the solutions of sulphur dioxide and iodic acid are mixed, but is with- 
held for a certain number of seconds (definite for every concentration 
at constant temperature), when it suddenly appears. The following 
reactions come into play : 


I. SSO^aq+HIOg-aH^SO^aq + HI. 

The hydriodic acid thus formed is at once oxidized by the iodic acid 
still present: 

II. SHI+HIO^-SH.O+ei. 

So long as sulphur dioxide is present, it reduces the iodine in this 
aiiute solution to hydiiodic acid: 

III. 21 + SO^aq + 2 H 2 O = H2SO^aq + 2HI. 

Not until aU the dioxide is used up by the reactions I and III does the 
free iodine suddenly appear according to 11. 
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lliere are some substances which are able to extract oxygen 
from sulphur dioxide, i.e. the latter can also act as an oxidizing- 
agent. Ignited magnesium ribbon continues to bum in sulphur 
dioxide, forming magnesium oxide and sulphur. Hydrogen sul- 
phide and sulphur dioxide have respectively an oxiizing and a 
reducing effect on each other, which follows mainly the equation: 

2H2S+S02=2H20+3S. 

Sulphur dioxide is decomposed by electric sparks into sulphur 
and the trioxide. 

The action of the electric sparks is to be ascribed solely to the sudden 
and enormous rise of temperature which they produce and the rapid cool- 
ing that immediately follows, for the gas particles which have become 
heated by the sparks are immediately cooled again by surrounding 
objects. As a result the products formed do not have time to react in 
the opposite direction. The correctness of this view was demonstrated 
by St. Claire Deville with the help of an apparatus which made it pos- 
sible to cool objects very rapidly from a very high temperature. This 
apparatus, the cold-hot tube, consists of a rather wide porcelain 
tube, which is heated to a bright glow in a furnace and which contains 
a concentric thinner metallic tube, through which cold water is forced so 
rapidly that the tube maintains a low temperature. When Deville 
uitroduced sulphur dioxide into the space between the two tubes, it was 
seen after some time that the inner tube, which was made of silver-plated 
copper, had turned black because of the formation of silver sulphide, 
while at the same time the formation of sulphur trioxide could be detected 
(by its producing sulphuric acid with water, a precipitate being given by 
barium chloride). 

The composition of sulphurous oxide can be determined in the 
following manner: Wlieii sulphur bums in oxygen no change of 
volume is observed after cooling. Therefore just as many mole- 
cules of sulphurous oxide have been formed as oxygen molecules 
consumed. The sulphurous oxide molecule must therefore con- 
tain two atoms of oxygen. The specific gravity of the gas has 
been found to be 2,2639 (air-1), or 32.6 (0 = 16), so that its 
molecular weight is 65.2. If we subtract 2X16 from this for 
bvo atoms of oxygen, there remains 33.2 for sulphur, the atomic 
'weight of which is 32. We thus see that only one atom of sul- 
phur is present in the molecule of sulphurous oxide and that the 
formula of the latter is S02* 
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SULPHUR TRIOXIDE, SULPHURIC AimYDRIDE, SO3. 

79. This compound is found in a small amount in the fumes 
of burning sulphur (§ 78 ). As was stated above, oxygen and 
sulphur dioxide unite to form the trioxide in the presence of 
platinized asbestos. A similar contact action is produced by 
iron oxide, Fe203, chromium oxide, Cr203, and a few other sub- 
stances. Upon this phenomenon is based a commercial process 
for the manufacture of sulphur trioxide (see § 86). The catalytic 
action of the above substances must be explained as in the pre- 
vious cases of catalysis (§ 49 ); that is, by considering that sul- 
phur dioxide and oxygen unite without the catalyzer, but only 
very slowly (the formation of a small amount of the trioxide 
on burning sulphur is evidence of this), and that the action of 
the catalyzer simply consists in accelerating the process. 

Sulphur trioxide can also be obtained by heating certain sul- 
phates; in the arts ferric sulphate is thus used: 

Fe2(S04)3 — Fe 203 4' 8 SO 3 . 

“Fuming sulphuric acid” (oleum) is a solution of 
sulphur trioxide in sulphuric acid; the anhydride can be obtained 
from it by distillation. 

Phymal Properties . — Perfectly dry sulphur trioxide melts^at 
17 . 7 ° and boils at 46 °. It looks much like ice but usually appears 
in another modihcation, viz., long asbcstos-likc needles with a 
silky lustre. These crystals have no sharp melting-point but 
j sublime on heating. This modification is the stable one, for the 
other goes over into it spontaneously. This transformation is 
greatly accelerated by traces of water. The asbestine modifica- 
tion consists of double molecules (803)2, the glacial form of simple 
molecules (SO3). This is shown by the depression of the freezing' 
point of phosphorus oxychloride. The first is therefore called a 
polymer of the second. It is also worth noting that the SO3 
modification is very readily soluble 'in concenl^ted sulphuric 
acid, while the other, (803)2, dissolves with difficulty, 

Chemical Properties . — Sulphur trioxide unites very easily with 
water to form sulphuric acid: 

S03TH20=H2S0i. 
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It therefore fumes vigorously when exposed to moist air. On 
introducing it into water, combination and great evolution of heat, 
accompanied by sizzling, results. It reacts energetically with 
many metallic oxides also, forming sulphates. Baryta, for exam- 
ple, glows in contact with it. When its vapor is passed through 
a red-hot tube, it is decomposed into the dioxide and oxygen. 

Composition— The decomposition just mentioned permits us 
to establish the composition of sulphuric oxide. The dissociation 
products, SO2 and O2, are formed in the volume ratio 2 ; 1. Now 
the specific gravity of sulphuric oxide is 2.75 (air = 1) , from which 
the molecular weight is calculated to be 79.1. This figure corre- 
sponds to the formula 803(32+3X16) and it also harmonizes 
with the above dissociation; for it is clear that 2 vols. SO3 must 
then yield 2 vols. SO2 and 1 vol. O2: 

2803=2802+02. 

2 vols. 2 vols. 1 vol. 

Sulphur Heptoiide, S3O7, 

80. This compound is formed when a mixture of equal volumes of dry 
oxygen and sulphur dioxide is subjected to a dark electric discharge of 
high potential. It consists of oily drops which crystallize below 0 ° and 
break up shghtly above that temperature into trioxide and oxygen. 
With water it forms sulphuric acid and oxygen: 

4H20+2S207=4H2S04+02, 

Oxygen Acids of Sulphur. 

81. Sulphur forms an unusually large number of acids with 
oxygen and hydrogen, namely nine. They are as follows: 


1 . Thiosulphuric acid HjSjOg. 

2 . Hyposulphurous acid 

3. Sulphurous acid H3SO3. 

4. Sulphuric acid. HjSO^. 

5 . Persulphuric acid HjSjOg. 

6 . Dithionic* acid 112^2^8* 

7 . Trilfcionic acid 

8. Tetrathionic acid 1128405. 

9. Pentathionic acid HjSgOe. 


It 18 dn. iirfportant fact, however, that of these nine acids only 
^^ilphuric acid has really been isolated; all the others are known 
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only in aqueous solution or in the form of salts. The two hydro- 
gen atoms which each of these acids possesses are both replaceable 
by metals; they are therefore dibasic acids. With such acids it 
is possible that just one of the hydrogen atoms be replaced by a 
metal. The salts thus formed are called acid salts. 

By different methods^ e.g. the cryoscopic method, it is found 
that the aqueous solution of dibasic acids AH2 contains chiefly the 
ions H* and HA^; it is only when these solutions are very dilute 
that the anion HA' splits up further into H' and A". In the case 
of the M2A salts, however, there is an ionization into 2M‘+ A"* 
but in that of the acid salts MHA the ions are chiefly M' and HA'. 
How far the anion HA' is split up does not depend merely on the 
concentration, but also to a considerable degree on the strength 
of the acid, HA' being more ionized in strong than in weak acids 
of the same concentration. 


THIOSULPHURIC ACID, 

82. This acid can only exist in dilute aqueous solution and is 
even then very unstable, decomposing completely in a short time. 
The salts are, however, stable and can be prepared in the following 
ways: 

1. By boiling the solution of a sulphite with sulphur: 

Na 2 S 03 + S = Na 2 S 203 ; 

Sodium sulphite. 

O'" S03" + S = S203", 

only the anion being changed. 

2 . By the oxidation of sulphides in the air: 




Galciutn disulphide. 

3. By the action of sulphur dioxide on the solution of a sul- 
phide: 

4Na2S+6S02=4Na2S203+S2. 

The most important salt is the sodium thiosulphate, formeiir 
and ev® yet often called sodium hyposulphite, of, abbreviated, 
hypo. It IS very soluble in water; the sohition, when used in 
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e-ccess, has the property of dissolving readily the halogen com- 
pounds of silver, hence its extensive use in photography (§ 247 ), 
[i is easily oxidized by oxidizing-agcnts, usually to the sulphate. 
This takes place with potassium permanganate, nitric acid and 
chlorine, for example. Practical use is also made of this latter 
property by employing sodium thiosulphate as an anticMor in 
bleaching, i.e. to remove the last traces of chlorine which cling to 
the bleached material very obstinately and have an injurious effect. 

When a dilute acid is added to a dilute solution of sodium 
thiosulphate, the following decomposition takes place: 

Na^SaOa + 2 HC 1 = 2 NaCl + H2O + SO2 + S ; 
or 8203^''+ 2 H‘= HSOg^P H*+ S, 

AnioQ of sulphur* 

OUR acid. 

It may be, however, that the ions first unite partially to form 
H2S2O3, which splits up into H2O, S and SO2. 

It is an interesting fact that in this decomposition in a dilute solution 
the sulphur precipitate is not at once visible, being first noticeable after 
some seconds, or even minutes, according to the dilution. It was formerly 
supposed that the thiosulphuric acid remained entirely unchanged until 
the appearance of the sulphur and the decomposition first began at this 
moment. This Is, however, incorrect; for when a dilute solution of 
thiosulphate is treated with an equivalent amount of dilute acid and 
the solution again neutralized before the appearance of the sulphur 
deposit, it is found that the latter appears nevertheless after some time. 
A certain part of the free thiosulphuric acid must therefore have already 
decomposed, but the sulphur was in a so very finely divided state in the 
liquid that it could not at once be detected,— not until it had gathered 
together to form larger particles. 

Hyposulphurous Acid, H2S2O4. 

83. As early as the 18 th century it was observed that zinc is dis- 
solved by a solution of sulphur dioxide in water without the evolution of 
hydrogen, Schutzenbehoer was, however, the first to show that a 
particular acid is formed thereby. A salt of this acid is produced by the 
action of zinc on a solution of acid sodium sulphite, NaHSOg, or by the 
electrolysis of such a solution, the nascent hydrogen acting as a reducing- 
agent. 
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Hyposulphurous acid, as well as its salts, is characterized by a vigorous 
reducing power. It precipitates the metals from solutions of sublimate 
(HgCy, silver nitrate and copper sulphate. Iodine solution is bleached 
by it with the formation of hydrogen iodide; indigo is reduced to indigo^, 
white. The solution is also very easily oxidized by free oxygen. It h 
therefore used to detennine the amount of oxygen dissolved in water. 
For this reason it must be kept in well-stoppered vessels. 

Bernthsex succeeded in preparing the solid sodium salt, which 
proved to have the composition Na3S204+2H20, so that the acid itself 
has the formula 

This salt was isolated by preparing a concentrated solution of it and 
precipitating it by the addition of a suitable amount of solid common sail, 


SULPHUROUS ACID, H2SO3. 

84. It is 'taken for granted that the aqueous solution of sulphur 
dioxide contains sulphurous acid, H2SO3, for this solution reacts 
acid, conducts the electric current, gives salts with bases and 
evolves hydrogen with some metals, e.g. magnesium. The solution 
of sulphur dioxide in water does not conform to the law of Hexky 
(§ 9 ) at ordinary temperatures, which proves that a combina- 
tion with the solvent has taken place. At higher, temperatures, 
however, the solution obeys this law pretty well. A fact in con- 
firmation of this is that all the sulphur dioxide can be expelled from 
the solution by boiling it, the combination being then wholly 
destroyed. The compound H2SO3 itself has, however, not yet been 
isolat^. The salts have the composition M2SO3 and MHSOj 
(M being an atom of a univalent metal). The acid salts are almost 
a soluble m water, while of the neutral salts only those of the 
alkalies are soluble. The acid sodium sulphite, NaHSOg (sodium 
bisulphite), IS frequently employed in organic chemistry. Sul- 
phites m solution gradually absorb oxygen from the air, form- 
ing su p a^. It is a very strange fact that minute quantities of 
organic substances, e.g. only 0.1% of alcohol, greatly hinder this 

action ^ example of a retarding catalytical 


— -0.201^4. 

Pnn*i' important acid of sulphur. It 

can be obtamed m vanous ways; in the first place by direct 
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syiitliesis from its elements. According to § 79 sulphur trioxide 
can be formed directly from sulphur and oxygen, and tliis yields 
sulphuric acid on the addition of water. 

The acid can be obtained from its salts by distilling them with 
phosphoric acid. Its formation from the action of oxygen on 
sulphur compounds is illustrated by the oxidation of an aqueous 
SOa-solution by the air. On the other hand the action of sulphur 
on oxygen compounds may also give sulphuric acid; thus it is 
formed when concentrated nitric acid, HNO3, is boiled with sul- 
phur; and again, potassium sulphate is formed by heating sulphur 
with saltpetre (KNO3). 

86. For the ccnnmercial manujacture of sulphuric acid two 
processes are now in use, the lead-chamber process and the con- 
tact process. Enormous amounts of tlie acid are produced by 
these two methods. 

The lead-chamber process is based on the follow- 
ing reactions: 1. the oxidation of sulphur dioxide by nitric acid 
in the presence of water; 2. the oxidation by the oxygen in the 
air of lower oxides of nitrogen formed from the nitric acid in the 
previous reaction. These arc partly reconverted to nitric acid 
and partly changed to certain stages of oxidation of nitrogen 
which oxidize sulphur dioxide anew to sulphuric acid. By this 
last process the lower nitrogen oxides are again formed, but are 
soon reoxidized by atmospheric oxygen and so on. One might 
suppose that a certain amount of nitric acid would suffice to con- 
vert unlimited amounts of sulphur dioxide into sulphuric acid 
with the aid of the air. In practice this is not true, however; for 
the nitrogen oxides are to a small extent still farther reduced by 
Sulphurous oxide, so that nitrous oxide or nitrogen are formed, 
and these are no longer able, under the conditions of the indus- 
trial process, to combine with oxygen. 

As may be seen from the above, the chemical process which 
lies at the basis of the manufacture of sulphuric acid is a very 
^Complicated one. As a matter of fact it has not yet been possible 
to explain it fully. In the main it takes .the following course. 

L Sulphur dioxide is oxidized to sulphuric acid by nitric acid 
m the presence of water: 


3S02+2HN03+2H20-3H2S04+2N0. 
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The nitric oxide (NO) thus formed is again oxidized by oxygen 
and water to nitric acid: 

2NO+30+H20=2HN03. 

II. However, the nitric oxide may absorb oxygen according to 
a still different reaction; 

N 0 + 0 =N 02 . 

Nitrogen 

dioxide. 

This nitrogen dioxide also has the ability to oxidize sulphur dioxide 
with the re-formation of nitric oxide: 

SO 2 + H 2 O + NO 2 = H 2 SO 4 + NO. 

III. Sulphur dioxide and nitric acid, or sulphur dioxide, nitro- 
gen dioxide, oxygen and water, can react with each other so that a 
crj^stallized compound, nitrosyl sulphuric acid, S 020 H( 0 N 0 ) 
(“lead-chamber crystals'^), are formed. These are decomposed 
by water into NO + NO 2 and sulphuric acid: 

S02+HN03 = S04H(N0); 

2S02+N02+N0+02+H20=2S04H(N0)- 
. 2S04HNO + 2H20=2S04H2+2HN02; 

2 HN 02 =N 0 + N 02 +H 20 (c/. I 126). 

From a technical standpoint the lead-chamber process falls 
into three separate parts : 

1. The preparation of sulphur dioxide; 

2. The oxidation of sulphur dioxide; 

3. The concentration of the resulting acid. 

(1) The material for the production of the dioxide is sulphi^r 
or pyrite (iron pyrites, TeSa). Sulphur yields a purer acid than 
pyrite, that prepared from the latter almost always contains 
arsenic. The roasting of the pyrite is carried on in furnaces, the 
construction of which varies considerably. In all of them, how- 
ever, the sulphur dioxide leaves the furnace mixed with a good 
deal of air. The furnace gases pass through a canal in which the 
dust particles carried along by the draught are deposited. 

( 2 ) The oxidation of the sulphurous acid is carried out in a 
structure (Fig. 33) consisting chiefly of three parts, the Glover 
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tower; A, the lead chambers, B, B", and the Gay-Lussac 
tower, C. 

Tlie Glover tower is made of sheet lead lined with acid-proof 
brick. It is filled with lump stone over which is laid a layer of 
smaller pieces of coke. On top of the tower is a reservoir for 
collecting the nitroso sulphuric acid (see below) that comes from 
the Gay-Lussac tower and the lead chambers and is to be con- 
centrated in the Glover tower. It flows down over the stone in 
the tower from a horizontally revolving tube. 

The lead chambers are three or four in number and have a 
total capacity of 4000-5000 cubic meters. Their form is that of 
a parallelopiped, whose cross-section is nearly a square. The 
length is either the same in all or it gradually increases from the 
first to the last. Lead has been chosen as the material for the 
walls of the chambers, because it is the only one of the common 
metals which is only shghtly attacked by sulphuric acid and the 
substances used in its manufacture. 

The lead chambers are connected with each other, with the 
Glover tower and with the Gay-Lussac tower by means of lead 
tubes so attached that the gases have to enter the upper part of 
the chamber and depart at the bottom, or vice versa. In the first 
two charabe%, preferably near the tubes which supply the gases, 
but in other places as well, tubes are also introduced to conduct 
steam from the boilers, DD. 

The walls of the Gay-Lussac tower are likewise of lead. Here, 
however, it does not have to be protected by fire-brick, since the 
temperature of the gases coursing through the tower is not so 
lugh. Usually it is entirely filled with coke. On top of the tower 
is a reservoir containing 60°--62° sulphuric acid (Baume, see § 88), 
^iiich comes from the Glover tower. 

Let us now examine the task that befalls each of these three— 
the Glover tower, the Gay-Lussac tower and the lead chambers. 

The gases -that come from the pyrite furnace consist of a mix- 
ture of sulfur dioxide and air, a larger proportion of the latter 
than is required for the oxidation. They have a temperature of 
^boiit 300°, when they enter the Glover tower, A, at the opening, w. 
^he gas current rising in the tower meets an acid mixture flow- 
^ug down from above. The latter consists of the nitroso acid 
trom the Gay-Lussac tower, diluted with the acid {ckarnber oewf) 



GROUND-PLAN 

Fig. 33.— Sulphuric Acid Factory. 

The terms: B, B'. B", Lead chambers; C, Gay-Lussac tower; A, Glover 
tower; D, Water boiler; r. Fipe to chimney; it', Pipe from thU'^ 
chamber to Gay-Lussac tower. 
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wliich collects in the lead chambers, and a little nitric acid— this 
latter to replace the nitrogen oxides lost in the process. By 
means of the Glover tower the following is accomplished: In 
the first place, the acid which flows out from the tower contains 
only traces of nitroso products (§ 128); these arc volatilized and 
carried off with the hot gases coming from the pyrite furnace. 
In the .second place, the sulphuric acid is deprived of some of the 
water with which it was diluted, the water being carried off as 
steam by the passing gas current. The acid has a concentration 
of tiO°-62° BAti.wE at the bottom. In the third place, the gases 
are cooled dorvn to 60°-80° during the passage through the tower, 
and arrive at the top of it in just the right condition for the forma- 
tion of sulphuric acid; the Glover tower therefore yields a quantity 
of acid equal to at least one-tenth of the product formed in the 
chambers. 

From the Glover tower the gas mixture, now consisting of 
nitrogen oxides, steam and sulphurous oxide, goes to the first 
chamber, in which, as well as in the second, the above reactions 
are carried out. Ihe third chamber serves principally to cool 
and dry the gases before they reach the Gay-Lussac tower; on 
tins account, moreover, it is not supplied with a steam pipe. 

MTien the gase.s leave the third chamber, they still contain 
nitroso products, which cannot be allowed to escape without loss. 
The Gay-Lussac tower serves for the purpose of retaining these 
by letting them dissolve in 62° Baume acid. The gases are led 
ia at the bottom of the tower through the tube, tt'; they gh^e up 
their nitrogen oxides to the sulphuric acid with which the coke 
piled up in the tower, as above described, is coated, and escape 
through the tube, r, which opens into the great chimney. By 
means of the latter a powerful draft is maintained throughout 
the entire plant. 

(3) The acid produced in the chambers contains about 67% 
(53° Baume). In this condition it is employed directly 

the manufacture of fertilizers (‘‘superphosphate”). For 
almost all other purposes it must first be concentrated. Ordinary 
sulphuric acid of commerce is of about 66° B. (B.= Baume), i.e. 
t^b'98% H 2 SO 4 . It is prepared from the chamber acid by evap- 
orating it first in lead pans to about 78% (60° B.) and finally in 
a platinum vessel. 
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This crude sulphuric acid of commerce (^^oil of vitriol ”) still 
contains various impurities and is usually more or less brown in 
color because of bits of straw (from the packing of the carboys) 
falling in and charring. It can be purified by diluting it, where- 
upon the dissolved lead sulphate is precipitated, and then stirring 
in a little barium sulphide. The latter produces insoluble barium 
sulphate, and also hydrogen sulphide, which precipitates anv 
arsenic or lead (§ 206) still present. The acid is then decanted 
from the deposit, concentrated, and finally distilled. 

The contact process .—It has already been stated that 
sulphur dioxide unites with oxygen directly to form the trioxide 
and that the combination is considerably accelerated by the cata- 
lytic influence of platinized asbestos. This simple reaction is the 
basis of the ^‘contact process.’' In practice, however, air is used 
instead of pure oxygen. 

The process falls into four separate parts: 1. The preparation 
of a mixture of sulphur dioxide and air; 2. The purification of this 
mixture; 3. The formation of the trioxidc; 4. The combination 
of sulphur trioxide with water to form sulphuric acid. 

(1) The purification of the gas mixture is much the same as in 
the lead-chamber process. For reasons which will soon be made 
clear it is found necessary to conduct the roasting in the presence 
of a large excess of oxygen. ' While the equation 


2802 + 02=2803 

demands only 1 vol. O 2 for ea(+ 2 vols. SO 2 , the gases are usually 
mixed in the ratio of 3 vols. O 2 to 2 vols. SO 2 . 

(2) The platinized asbestos acts efficiently only when the 
furnace gases are absolutely pure, i.e., when the mixture consists 
simply of sulphur dioxide and air. The complete purification of 
these guises has been a problem of exceptional difficulty, but has 
l^en accomplished through the perseverance of Knietsch of the 
adische Anilin- unci Sodafabrik,” the great chemical factory at 
annheim, Germany. In the first place the furnace gases must 1)C 
w 0 y re from dust, else the catalyzer would soon become so 
coated ^ to lose its activity. In order to determine when the gas is 
really dust-free it is subjected to the “optical test,” i.e., it is 
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examined with the eye to see whether it is perfectly transparent 
ai](l free from nebulous masses. Even when this optical test is 
quite satisfactory the catalyzer suffers a loss in activity if the 
gas is not entirely free from arsenic compounds; the least traces 
of the latter have an injurious effect. The presence of arsenic 
compounds in the furnace gas is due to the occurrence of arsenic 
in the pyrites (§ 86, 1) used for roasting, Knietsch has finally 
succeeded in completely eliminating the arsenic compounds by 
blowing steam into the gas mixture, 

(3) Since sulphur trioxide dissociates at a high temperature 
into the dioxide and oxygen, the formation of it from these two 
gases is a reversible process: 

2S02+()2<=^2S03. 

If the pressure of the dioxide in the state of eciuilibrium is repre- 
sented by pi, that of the oxygen by p 2 , and that of the trioxide 
by ps, the equilibrium equation must be: 

Pi^pa-^Tps^, 

where K stands for the equilibrium constant. According to this 
equation the formation of sulphur trioxide is more complete in the 
presence of an excess of either sulphur dioxide or oxygen, for as pi 
or p 2 increases ps must also increase. Since the object in view is 
to convert the dioxide as completely as possible into the trioxide, it 
IS advantageous to provide a large excess of oxygen. This explains 
why more than the theoretical amount of oxygen is taken. Com- 
pare (1). 

The equilibrium must also depend on the pressure, for, if this. 
^ increased n times, the equation becomes: 

{npi)^np 2 = or npi^p 2 = Kpz^, 

from which it is evident that at a higher pressure (n>l) the for- 
mation of the trioxide is more nearly complete. The manufac- 
hircr does not find it necessary, however, to employ high pressure, 
would involve, moreover, a great complication of the appara- 
tus. 

Finally, the influence of temperature must be mentioned. Sul- 
Pinir dioxide unites with oxygen easily at 400^. When equilibrium 
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is established in the system 2 S 03 <:± 2802+02 at this temperature, 
the left-hand side predominates. If the temperature is raised, the 
quantity of trioxide formed diminishes, at first slowly, but between 
600° and 800° more rapidly, until at 1000 ° the dissociation of sul- 
phur trioxide is complete and it can no longer be formed. These 
temperatures hold for a mixture of sulphur dioxide and so much air 
that the relation S 02:()2 is as 2 ; 3, assuming that the pressure is 
the ordinary one. 

If it is desired that the combination of sulphur dioxide and oxy- 
gen should be as complete as possible, the temperature must be 
kept at about 400°. Since, however, the heat of formation of the 
trioxide is great, viz., 

802 + 0 - 803 + 22,600 Cal, 

the apparatus must be cooled. This is done most practicably by 
the aid of a fresh portion of the gas mixture, as the next paragraph 
sets forth. 

The constTuction of the apparatus is as follows: The tubes a?) 
contain the platinized asbestos h, supported on little sieves (shown 
in the middle tubes). The purified furnace gases first pass around 
the outside of the tubes and are thus w^armed to the desired tem- 
perature at the heat expense of the gas system within. "WTien the 
proper temperature is reached the gases are allowed to enter the 
tubes, where sulphur trioxide is formed with the evolution of more 
heat. Ry increasing or diminishing the rate of flow of the gas cur- 
rent the temperature can be regulated very satisfactorily. When 
the operation is started the apparatus must first be warmed to 400°. 

(4) The reaction between sulphur trioxide and water is an 
energetic one. Nevertheless, the manufacture of sulphuric acid 
from these two compounds involved some difficulty, inasmuch as 
sulphur trioxide fumes invariably escaped when this substance was 
introduced into ivater or dilute sulphuric acid, Only when sul- 
phuric acid of 97-98% is used as the absorbent and care is taken 
to keep the acid at this concentration by the simultaneous addition 
of water does a complete and immediate absorption occur. 

This is due to two circumstances: first that traces of water 
chanp^ sulphur trioxide into the asbestine modification (§ 79 ), 
which IS slowly absorbed by sulphuric acid; second, that at 
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Ihe concentration of 97-98% H 2 SO 4 the system a:S 03 +yH 20 
has a ininimum of vapor tension, which is very low. 

87 . Physical Properties— The. pure compound, hydrogen sul- 
phate, is an oily liquid at ordinary temperatures, solidifying at a 
low temperature and melting again at -f 10. 5"". Its specific gravity 
in the liquid state (15°) is 1.8372. 



Chemical Properties . — The concentrated acid obtained by dis- 
tillation is not the simple compound H2SO4, for it still contains 
S'hout 1.5% of water. In order to prepare the absolutely pure acid 
the distilled product must be mixed with the theoretical amount 
Sulphur trioxide. When pure sulphuric acid is heated, it begins 
at 30° to give off fumes of sulphur trioxide; dhis continues until 
the boiling-point, 338°, is reached, when an acid with 1.5% water 
distils over, having a specific gravity of 1.842 at 15°, that is, 
liigher than that of the pure compound. On heating the vapor 
of sulphuric acid above the boiling-point, it begins to break up 
into water and the anhydride; this dissociation is complete at 
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450°, for the vapor density at that temperature is found to be 25.1 
while that of SO3+H2O is theoretically 24,5. ^ 

When sulphuric acid is mixed with water, a strong evolution 
of heat occurs. The mixing must therefore be done with great 
care, particularly in glass vessels, the acid being poured in a fine 
stream into the water and the liquid being steadily stirred. On 
mixing them in the reverse way, by pouring the water into the 
sulphuric acid, the intense heat that is produced may cause the 
glass to crack. However, when the acid is mixed with ice in a 
certain proportion, a strong cooling follows. 

The mixing of sulphuric acid and water is attended by a con- 
traction, i.e. the volume of the dilute acid is smaller than the sum 
of the volumes of water and acid. 

Sulphuric acid is able to form hydrates with water. A 
mixture of the same number of gram-molecules of acid and water 
congeals on cooling; the hydrate formed melts at 7.5° and has 
the composition 112804 +H 2 O. Still other hydrates arc known 
also. 

Sulphuric acid is a strong dibasic acid; even in a moderately 
diluted state (e.g. in normal solution; see § 93 ) it is almost 
wholly dissociated into H‘ and HSO 4 ' ions (see § 81). It acts on 
many m|Jals, giving off hydrogen. This action is made use of, as 
stated above, in the preparation of hydrogen; the acid must, how- 
ever, be dilute, for when it is too strong or warmed, the hydrogen 
generated partially reduces the sulphuric acid so that the gas given 
off contains hydrogen sulphide. Sulphur dioxide also is formed 
when hydrogen is led into hot sulphuric acid. It is upon this 
action that the reaction of copper with hot concentrated sulphuric 
acid depends (§ / 8 ). Mercury, silver and certain other metals arc 
similar to copper in their behavior. Platinum and gold arc not 
attacked by the acid. 

Sulphuric acid makes holes in paper, linen, dress goods and 
the like, when dropped on them. It has a destructive, charring 
effect on organic substances in general. This is due in many 
cases to the great tendency of the acid to unite with water, wliidi 
makes it not only deprive other substances of the water they con- 
tain, but even withdraw the hydrogen and oxygen from organic 
compounds to form water. On the other hand, sulphuric acid 
gives up oxygen to many organic substances, being itself reduced. 
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In order to detect free sulphuric acid in vinegar, for example, the 
liquid is evaporated on a water-bath with a little sugar. Free sulphuric 
acid, if present, chars the sugar during the concentration. 

The mc^t of the salts of sulphuric acid (sulphates) 
are soluble in water. Barium, strontium, and lead sulphates are 
insoluble, while calcium sulphate (gypsum) is slightly soluble, but 
only to a very small degree. The formation of barium sulphate, 
BaS04, serves as a characteristic test jor sulphuric acid, or, as we 
may better say, for the ion 

The sulphates are in general very stable. They can, for 
instance, be heated to very high temperatures without decomposi- 
tion. The acid salts lose water on heating, and jiass over into 
pyrosulphates: 

2NaHS04-H20+Na2S207. 

Sodium 

pyrosulphate. 

If these pyrosulphates are heated still higher, they give off sulphur 
trioxide and form neutral salts: 

Na2S207= Na2S04 -f- SO3. 

88. Uses. — Sulphuric acid is of enormous practical value, its 
uses being most varied. It is employed in the prepara tiong)f almost 
all other mineral acids from their salts. In the manufacture of soda 
after T^e Blanc it is used in astonishingly large amounts and in 
nearly all other branches of chenucal industry it is of some service 
or other. In the laboratory it is often employed as a drying-agent. 
A moist substance is dried very thoroughly when placed in a closed 
apparatus near a dish of the concentrated acid. For this purpose 
special pieces of apparatus are constructed, called desiccators. 

The determination of the concentration of sulphuric acid is an 
operation that is frequently necessary. Ordinarily the specific 
gravity is made use of, for this can be determined rapidly with an 
areometer. There are tables so prepared that the proportion of 
H2SO4 or SO3 in a dilute acid whose specific gravity and tempera- 
ture are known can be quickly read. a chemist of the 

tatter part of the eighteenth centur}^, constructed an areometer 
^ith an arbitrary scale, the zero point of which indicates pure 
’^’ater and the point 10 being reached in a 10% salt-solution, .All 
the divisions are equal. 100% H2SO4 would then be represented 
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by the line 66 . 6 . In the arts the strength of sulphuric acid is 
still given as so many “degrees Baujie.^' 


Fuming Sulphuric Acid, 

89. This is the name of a sulphuric acid that contains sulpliur 
trioxide in solution. It is obtained by dissolving the oxide in 
concentrated sulphuric acid. 

Fuming sulphuric acid is a thick oily liquid^ which fumes vigor- 
ously in the air, throwing off the trioxide. Bp. g. = 1,85-1.90. 
On cooling it pyrosulphuric acid ( 1128207 = H 2 SO 4 +SO 3 ) crystal- 
lizes out. Some salts of the latter are also known (§ 87). It 
forms large colorless crystals, that melt at 35°. Pyrosulphuric 
acid dissociates even at ordinary temperatures, and on gently 
wanning breaks up completely into sulphuric acid and trioxide. 
Besides pyrosulphuric acid several other compounds of water and 
sulphur trioxide are known. 


CHLORIDES OF SULPHURIC ACID. 

90. "WTien phosphorus pentachloride acts on sulphuric acid a compound 
SO HClj chlorosulphonic acid, is formed : 

H^SO.+PCI,- SOjHCl-hPOClj+HCl 

The same compound results from the direct union of sulphur trioxide 
and hydrochloric acid. It is a colorless liquid, which fumes vigorously on 
exposure to the air. Sp.g.= 1.766 at 18®. Boiling-point, 158®. On 
the addition of water a violent reaction occurs, producing hydrochloric 
acid and sulphuric acid; 

SOgHCl-fH^O-HjSO.+HCl. 

A compound, SO 2 CI 2 , sulphuryl chloride, is obtained by the direct 
union of sulphur dioxide and chlorine, most easily by first saturating 
camphor with sulphur dioxide (which readily dissolves in it) and then 
passing chlorine over it. The camphor remains unchanged. Sulphuryl 
chloride is a colorless liqukl, which boils at 69.1®, has a penetrating odor, 
fumes strongly in the air and has a specific gravity of 1,6674 at “0° 
The addition of a little water C!0 averts it into chlorosulphonic acid and 
hydrochloric acid, much water to sulphuric and hydrochloric acids: 

SOA+ H20=so3Hci+ Ha 
S0A+2K20=H2S0, +2Ha 
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These decompositions of sulpliuryl chloride can be represented in the 
following way; 


I Cl + Hj OH 

jCr+H|OH 


.OH 

=SO,( +2HCI. 

^OH 


In the place of the two chlorine atoms we have, therefore, two OH 
{kijdroxyl) groups entering. For this reason it is assumed, in close 
analogy with the methods of organic chemistry, that sulphuric acid con- 
tains t^TO hydroxyl groups. From this it follows that the arrangement 
of the atoms in the molecule of sulphuric acid may be represented by the 
diagram: 




in which the SO2 (sulphuryl) group is joined to two hydroxyls. Such a 
diagram is known as a structural, or coustitutional, formula. 

Sulphuryl fluoride can be obtained by the direct union of sulphur 
dioxide and fluorine. It has the same remarkable stability as the com- 
pound SFg (§75). It is a colorless and odorless gas, liquid at - 52° and 
solid at - 120°. It can be heated with wutcr in a sealed tube to 150° 
without undergoing decomposition. Alkalies absorb it, though very 
slowly. Sodium can be fused in it without being attacked. 


Persulphuric Acid, HgSjOg. 

51. The potassium salt, KjSaOg, of this acid can be obtaiflbd by the 
electrolysis of a cold saturated solution of potassium sulphate, K2SO4, 
:n sulphuric acid of 1.3 sp. g. In such a solution we may assume we 
have the ions K* and HSO^'; the latter are discharged at the anode and 
can then unite to form HjSjOg, which forms with the K' ions present 
the difficultly soluble potassium salt K2S2O8; this separates out as 
a white crystalline mass. However, the combination of twm HSO4 
groups only takes place wffien their concentration at the anode is quite 
kgh; for if this is not the case there is more opportunity for secondary 
reactions, such as a union with w'ater to form 2H2SO4 and 20 H, the 
latter of which is decomposed into HjO and 0. Such a high concen- 
tration at the anode is reached by using a very small electrode. The 
electric current therefore has a high density at the anode, that is, a 
quantity of electricity must pass through a small surface. The 
^ffect thereof is that this large quantity discharges a great many HSO4' 
loos into a small space, or in other words, produces enough HSO4 groups 
to make the concentratiou very high there. As low as 100° it decomposes 
^ the following way: 

2K2S20g = 2K2S.O7 + O2. 

K-pyrosufphate. 
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The barium salt of persulphuric acid is soluble in water, as are also 
most of the other known salts. The solution of potassium persulplmte 
in sulphuric acid is called Caro’s liquid. It probably contains a com. 

pound j , because a liquid with the same reactions is ^ 

obtained by mixing hydrogen peroxide with an excess of strong sulphuric 
acid: 


SO. 


/|oH h|0;H 


^\nTT j 


^\nTJ 


This compound is called by Baeyer sulphomonoper-acid; it has very 
strong oxidizing powers. It sets iodine free from potassium iodide, oxi- 
dizes sulphur dioxide to trioxidc, and ferrous to ferric salts and also 
precipitates the higher oxides of silver, copper, manganese, cobalt and 
nickel from solutions of salts of these metals. On the other hand, it 
neither bleaches permanganate solution nor oxidizes solutions of chromic 
and titanic acids; in these respects it is distinguished from hydrogea 
peroxide (called by Baeyer “hydroperoxide”), to which it othenvise 
sho\ra much similarity. 


POLYTHIONIC ACIDS. 

92 . Uj^der this name arc grouped four acids of the general 
formula IlaSA, in which the number of sulphur atoms, n, can 
be 2 , 3 , 4 and 5 , and this deteimines the names of the individual 
acids. 

Dithionic acid, HjSjO^. The manganese salt of this acid is obtained 
when finely powdered manganese dioxide is suspended in water and sul* 
phurous oxide passed in: 

2SO2 + MnOj 

At the same time a little sulphuric acid is formed. Baryta water is 
added to the solution to pre(apitate the sulphuric acid as barium sulphate 
and convert the manganese salt into barium dithionate: 

MnSjOg -f Ba(OH)2 = BaSjO^ + Mn(OH)2. 

From this barium salt the dithionic acid can be liberated by sulphuric 
acid. The solution can bs concentrated in vacuo over sulphuric acid till 
its specific gravity reaches 1.347; farther concentration or wannm? 
results in a decomposition; 

H2SA=H2S0,+S02. 
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Trithionic acid, Potassium trithionate is formed when a 

solution of potassium thiosulphate is saturated with sulphur dioxide; 

3802+2X38203=2X28300+8. 


The compound is also formed when a solution of equimolecular 
amounts of sodium sulphite and thiosulphate are treated with iodine; 

Xa^SOa +Xa2S303 + 21 = 2NaI + Na2S30g. 

The free acid is unstable ; even at ordinary temperatures it decomposes 
iu a dilute solution into sulphur, sulphurous oxide and sulphuric acid; 

H2S30,=H2S0,+S+S02. 

Tetrathionic acid. Its salts result from the action of iodine on the 
solution of a thiosulphate. 

X2S303+2I=2KI+K2SA- 

The acid itself can be obtained (also only in dilute solution) by adding 
siilpliuric acid to the barium salt, which is prepared in an analogous 
manner. In dilute solution it is quite stable ; in the concentrated state 
it breaks up into sulphur, sulphurous oxide and sulphuric acid. 

Pentathionic acid. On mixing solutions of sulphur dioxide and 
hydrogen sulphide the principal reaction is a mutual oxidation and 
reduction of these compounds with the separation of sulphur (§ 78 ). 
The action is, however, much more complicated, inasmuch as polythionic 
acids, among them pentathionic acid, are formed in addition at the same 
time. The mixture of H2S.aq and S 02 .aq is known as Wackenroder’s 
liquid." Well-crystallized salts of pentathionic acid have been prepared. 

Jse of Sodium Thiosulphate in Volumetric 
Analysis. lodometry. 

93. On adding sodium thiosulphate to an iodine solution, the 
tJtensely brown liquid loses Its color, sodium iodide and sodium 
^tratliionate, two colorless compounds, being formed: 

2Na2S203+2I=Na2S406+2XaI; 

writing only the ions that take part in the reaction; 


2 S 203 "+ 2 I-S 406 "+ 2 r. 
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The disappearance of the color is thus due to the fact that the 
molecules of iodine are transformed into ions by taking' up two 
negative charges from 28263^1 Upon this fact a method is based 
for determining the amount of free iodine in a solution. This is done 
by allowing a solution of sodium thiosulphate; whose concentration 
(tiire) is know, to flow drop by drop into a definite volume of iodine 
solution. (For letting out a certain amount of liquid a pipette 
(Fig. 35 ) is commonly employed.) The color gradually brightens 




and My a point is reached when the liquid is only slightly ting^^i 
and the addition of another drop causes the color to entirely dis- 
appear. Tbs transition can be very accurately detected. The 
lodme molecules have now entirely disappeared. Since according 
e a ove equation a molecule of thiosulphate is consumed f* 
each atom of iodine, the percentage of iodine in the solution caJ 
be calculated from the amount of thiosulphate used. 

^ calculation of the result of such a determin.'ition 
(htrahon) as easy as possible the thiosulphate solution is so md- 
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ardised that it bears a certain relation to an equivalent of iodine 
( = 127 g.); i‘€* ^ certain amount bleaches exactly this much iodine, 
"‘Normal solution '' is a name applied to a solution containing 
the equivalent weight (§ 23) in grams {gram-equivalent) in one 
liter. Frequently use is also made of a or a twice, thrice, 

etc. normal solution. Normal hydrochloric acid contains 36.5 g. 
HCl, normal sulphuric acid 49 g. H 2 SO 4 ( = 2 gram-molecule), 
a normal iodine solution 127 g. iodine, per liter. Detailed direc- 
tions for preparing such solutions can be found in the text-books 
of analytical chemistry. 

In order to determine readily the volume of thiosulphate solu- 
tion that is required in the analysis, use is made of a burette 
(Kig. 36), a glass tube that is divided into ^ c.c. and closed at 
the lower end with a glass stop-cock or with a rubber tube and 
pinch-clamp. In titrating the iodine solution the thiosulphate" 
solution is allowed to flow out slowly and, finally, drop by drop, 
while the liquid is being stirred. 

Example. For 50 c.c. of an iodine solution whose strength is 
to be determined 27.30 c.c. normal thiosulphate solution was 
necessary before the color completely disappeared. Required the 
number of grams of iodine contained in 1 liter of this solution. 
1000 c.c. normal Na 2 S 203 solution (see abov^ decolorizes 
equivalent of iodine ( = 12.7 g.)| 27.3 c.c. therefore decolorizes 

27.3 x-^ g. iodine. This amount is contained in 50 c.c, of 
1000 

the iodine solution in question. Hence 1 liter of the latter con- 
tains 20x27.3X12.7X10-3=6.8842 g. iodine. 

Various other substances which liberate iodine from potassium 
iodide can be determined by titrating th^ amount of iodine dis- 
placed ; for example, chlorine and bromine may be thus determined, 
since they set free the equivalent amount of iodine from potassium 
iodide solution. 

SELENIUM AND TELLURIUM. 

94 . Selenium was discovered by Berzelius in 1817. It 
took its name from ceXigyr} (the moon), because it possesses great 
similarity to the element tellurium (namdd from teUit^^ihe earth) 
discovered a short time previously. It is rather widely distributed 
in nature, but it occurs only in small quantities. It is fro- 
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quently found in pyi’itc and also appears in some rare minerals. 
When tfiis sort of pyrite is employed in sulphuric acid maiu> 
facturc, the selenium collects in the “chamber-mud of the lead 
chambers; from this it is usually obtained. 

The process is as follows; Tlie selenium deposit is heated with nitric 
acid, which oxidizes the selenium to sclenic acid, IlgSeO^. The solution 
thus obtained is first boiled with hydrochloric acid, whereby selenious 
acid, HjSeOa, is formed with the evolution of chlorine. This latter acid 
is then reduced by means of sulphurous oxide to selenium, which separates 
in amorphous red flakes. 

Selenium displays analogy with sulphur in many respects; for 
instance, in occurring in various allotropic conditions. According 
to Sauxders, there is an amorphous red modification, that is 
soluble in carbon disulphide. From this solution the seleniimi 
‘separates as a second modification, which is the red crystalline 
selenium, fusing at 170^-180^. Then there is a metallic form fusing 
at 217°. This modification appears when amorphous selenium is 
heated to 97°, at which point a sudden and marked rise of tempera- 
ture occurs; or when molten selenium is suddenly cooled to 210'^ 
and kept for a time at that temperature. In this metallic state 
selenium has a metallic lustre, is insoluble in carbon disulphide and 
conducts electricity. Its conductivity strangely depends very 
much on the intensity of its illumination, however. 

The melting-point of selenium is 217°, its boiling-point 680^ 
As In the case of sulphur the vapor density decreases with rising 
temperature till about 1400° is reached, when it remains constant. 
At this temperature it is found to be 81.5 (H=l), corresponding 
to a molecular weight of 163,0. Now since the atomic weight of 
selenium, as deduced from the vapor density of its compounds, 
is 78.9, the above molecular weight agrees very closely with the 
formula Se 2 . 

Hydrogen selenide, H 2 Se, can be obtained directly from its 
elements, as these unite at 400°, Analogously to hydrogen sub 
phide, it can also be got by the decomposition of iron selenidc, 
FeSe, with hydrochloric acid. At a high temperature hydroiiCD 
selenide dissociates into its elements. Its properties are only 
slightly acidic and it is moVe poisonous than sulphuretted hydrogen. 
The heavy metals are precipitated from their solutions as selenid^s 
by it. 
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An aqueous hydrogen selenide solution becomes turbid on 
standing because of the selenium that separates out. * 

Tm chlorine compounds, Se2Cl2 and SeCl4, are known. The 
latter is much more stable than the corresponding sulphur com- 
pound, SCI4 (§75). Selenium tetracliloride is solid and sublimes 
without decomposition; dissociation does not begin until 200° is 
reached. 

Selenium dioxide, Se02, is the only oxide of selenium known. 
It results from the burning of selenium in the air. The extremely 
disagreeable odor which arises is not a property of the dioxide, 
however, but is probably due to the formation of another oxygen 
compound of selenium which has not as yet been isolated. Sele- 
nium dioxide forms long white needles that sublime at 310°. 

Selenium dioxide is an acid -anhydride; on dissolving it in water 
an acid, selenious acid, HaSeOs, is formed, which can be isolated' 
(unlike sulphurous acid). This acid crystallizes in large colorless 
prisms.- On being heated it breaks up into water and anhydride. 
Sulphur dioxide or stannous chloride reduce it to free selenium, 
which is deposited in red flakes: 


HaSeOs + 2SO2 + H2O = 2H2SO4 + Se. 

Sulphuretted hydrogen precipitates from the solution selenium 
sulphide, SeS, insoluble in ammonium sulphide. 

When chlorine is passed into the solution of selenious acid or 
when bromine is added to it, selenic acid, H2Se04, is fonned. In 
the pure state this is a crystalline solid, melting at 58°. The 95% 
solution of it is an oily liquid, wliich has the appearance of sul- 
phuric acid. The barium salt of the acid, like that of sulphuric 
Md, is extremely difficultly soluble. 

On boiling with hydrochloric acid, selenic acid is reduced to 
selenious acid with the evolution of chlorine. 

Telluritim. 

95* Tellurium is of rare occurrence; it is known in the native condi- 
tion. and also in combination ivith bismuth,^ and with gold or silver (in 
or graphic tellurium). It is found chiefly in Transylvania and 
ip the Altai mountains, and also in Boulder Co., Colorado. In the amor- 
phous condition tellurium is a black powder, but after fusion it is silvery 
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white, of a metallic lustre aud a conductor of heat and electricity. The 
vapor deiSity, as in the cases of selenium and sulphur, decreases with 
increasing temperature and does not remain constant till about 1400 °; 
it then corresponds to a Te2 molecule. 

Hydrogen telluride, HjTe, results from the action of hydrochloric acid 
on zinc telluride, ZnTe. The product thus obtained contains more or 
less hydrogen. It is very poisonous, and dissociates readily. From solu- 
tions of the heavy metals it precipitates their tellurium compounds 
(te 1 1 u r i de s). 

Tellurium dioxide, Te02, is formed on burning tellurium in the air. 
It is very difficultly soluble in water, 

Tellurous acid, H2Te03, is obtained by dissolving tellurium in nitric 
acid. It dissolves i n water with great difficulty and breaks up on warming 
into TeOj and HjO. 

Telluric acid, H2Te04, is prepared by fusing the metal or the dioxide 
mth soda and saltpetre and separating the acid from the tellurate formed, 
The compound H2TCO4+2H2O crystallizes out from the aqueous solution; 
it loses its water of crystallization at 100°. The free telluric acid, H2Te0j, 
prepared in this way is a Avhite powder, difficultly soluble in cold water. 
Telluric acid has only feebly acid properties. 

Selenium and tellurium both combine with potassium cyanide, when 
they are fused \rith it, forming compounds corresponding to KCNS, viz., 
KCXSe and KCXTe. Nevertheless, while potassium tellur o-cyanidc 
is at once decomposed by the oxygen of the air with the separation of 
tellurium, potassium s e 1 c n i o-cyanide is more stable and does not 
decompose with the separation of selenium until it is boiled with hydro- 
chloric acid. We have here a means of detecting selenium in the pres- 
ence of tellurium and of separating the two. 


SUMMAUY OP THE OXYGEN GROUP. 

96. The elements oxygen, sulphur, selenium and tellurium, 
like the halogens, form a natural group, particularly in two respects; 
their compounds correspond to a general type and their physical 
and chemical properties vary gradually with increasing atomic 
weight. Their hydrogen compounds have the formula RH2, fheir 
oxygen compounds and their acids the formute RO2 and H2RO3, 
and also RO3 and H2RO4. Ozone may be considered with reference 
to these types as analogous to sulphur dioxide; O'D, ozone; S-Os 
sulphur dioxide. 
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lli6 following tabl© shows the gradual change, or progression, 
of the physical properties : 



0. 

S. 

Se. 

Te. 

Atomic weight 

Specific gravity. . . . 

^f^lltir^p-poin.t 

16.00 
1.124 
(at -181°) 

32.06 

1.95-2.07 

114.5° 

450° 

yellow ! 

79.2 

4. 2-4.8 

217° 

680° 

red 

127.6 

6.2 

Rniling-poiiit. ...... 

-isi.i® ! 

white heat 
black 

Color 

light blue 



As the atomic weight increases, the values of the physical con- 
stants also increase, as the table shows. At the same time the 
external appearance approaches that of the metals; in tellurium 
the metallic appearance is quite marked. 

The imtability of the hydrogen compounds increases from oxygen 
to tellurium; the strength of the oxygen acids diminishes rapidly, 
sulphuric acid belonging to the strongest, and telluric acid to the 
very weak, acids. 

It should also be noted that all of these elements appear in 
allotropic modifications. 

THERMOCHFAITSTRY. 

97. It was stated above (§ 20) that a chemical combination or 
decomposition is accompanied by an evolution or absorption of 
heat, in other words by a heat change, or caloric effect. In many 
cases this caloric effect has been carefully measured. The work 
of Berthelot and of Thomsen along this line has been especially 
fruitful. That part of chemistry which deals particularly with 
these caloric effects is called thermochemistry. 

The caloric effect is always given for molecular amounts of the 
reacting substances, since in this way only is it possible to compare 
substances from a chemical .standpoint. Hence, when the heat of 
formation of water is said to be 68.0 calories (kilogram calories), 
it is implied that this number of calories is evolved by the union 
of 2 g. hydrogen with 16 g. oxygen: 

2H+O-H2O + 68.O Cal. 

Ill this equation H and 0 stand for gram atoms. 
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In 6Xpressing 3< caloric effect it is necessary to indicate the s t a 
of matter of the reacting and the resulting substances, in so 
far as this is not self-evident, because the latent heat of fusion 
or vaporization must be taken into consideration. The above 
amount, 

2 H + O^H2Ouquid=68.0 Cal, 


refers to the formation of water and its conversion to a liquid. It 
therefore includes the heat of condensation. Since this amounts 
to 0.536 Cal. per gram, it would in this case (for 18 g.) be 9.6 Cal.; 
hence the caloric effect of the combustion of hydrogen to steam at 
100° is 

2H+0=H20gaR-f-58.4 Cal 


The caloric effect is also influenced by the condition, whether 
solid or dissolved, in which the substances react, inasmuch as 
solution is almost always accompanied by a heat change. In the 
foimation of sodium chloride by the mature of dilute solutions of 
sotlium hydroxide and hydrochloric acid (tliis being indicated by 
aq after the formulse of the substances) the caloric effect is; 

NaOHaq + HClaq = NaClaq 4- H2O + 13.7 Cal 

However, when the salt is prepared by passing hydrochloric 
acid gas into a dilute solution of the base, the equation is as follows; 

Na0Haq+HClgas = NaClaqTH20 + 31.1 Cal 

We thus obtain 13.7 Cal as before, but increased by the heat of 
solution of gaseous hydrochloric acid in a large amount of w^ater, 
viz., 17.4 Cal. 

The heat of formation of chemical compounds must be equal 
to their heat of decomposition, but have the opposite sign. Were 
this not the case, heat would be lost or gained when a compound 
is formed and then decomposed so as to return to the original con- 
dition, and such a result would be at variance with the Law of the 
Conservation of Energy. 

In many instances a distinction must' be made between heat changes 
and energy changes in a reaction, particularly wherever positive or nega- 
tive work is done on the system from without. For example, work is 
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performed by the surroandiugs when the reaction takes place under 
atmospheric pressure, and is attended by a decrease of volume. In 
this instance the heat evolved, Q, represents the sum of the energy 
produced, E, and the work, W, performed from without. + 

Ill the case of reactions attended by an increase of volume under con- 
stant pressure W is negative, hence Q=E~W. 

The difference between the evolution of heat and of energy in such 
cases is not always to be overlooked, especially when the change of 
volume is a result of the increase or diminution of the number of gas 
molecules. In that case the difference is considerable, but is easily calcu- 
lated. The evolution of heat amounts to 2T g.-cal. (§34), i.e., at 
ordinary temperatures about 0.6 Cal. more than the energy given off 
for each gram-molecule of gas that disappears in the reaction (over and 
above any new gas produced) . 

Energy generated, 2H-l-0-H20uquid = C8.0 Cal. 

Heat generated, 2H-h0-H20iiquid = 68.9 Cal. 

The difference, +0.9 CaL, is due to the disappearance of Ij gram-mole- 
cules of gas. 

Experience has shown that in the formation of most compounds 
heat is generated, but that in many cases heat is absorbed. Chem^ 
ical actions of the first sort, are called exothermic, those of the 
second endothermic, reactions. An example of the second sort 
is the synthesis of chlorine monoxide: 


2Cl+0=Cl20ga3-15.1 Cal. 

g8. For the determination of the caloric effect various methods are in 
use. Only those actions are suitable for thermochemical measurements 
which complete themselves quickly. ’ In measuring the caloric effect in 
the case of liquids or solutions, as, for example, the heat of neutralization 
of acids and bases, the heat of solution or of dilution, etc., an ordinary 
calorimeter is generally used, such as is employed in physics for the 
method of mixtures, the same precautions being taken in order to secure 
accurate results. 

The heat of combustion of a substance is usually measured with the 
calorimetric bomb of Berthelot-Mahleb. This is the usual method with 
organic compounds. 

99. The Law of HESS. The entire caloric effect {the whole 
owioBni of energy) produced by the iransfonnation of one chemical 
system into another is independent of all intermediate stages. 
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This law is a direct consequence of the principle of the con- 
servation of energy. If Hess’s law did not hold, energy would 
have to be gained or lost in the transition from one system to 
another and the subsequent return to the initial condition, which 
is contradictory to the above principle. A few examples wU 
serve to make this law more clearly understood. 

(a) A dilute solution of sodium sulphate can be prepared 
from sodium hydroxide, sulphuric acid and water in various ways. 
For instance, two gram-molecules of the base can be treated at 
once with dilute sulphuric acid; or one gram-molecule of the 
base can be mixed with the acid at first and the second added 
afterward. Accordingly we get the following caloric effects: 

(1) 2N'aOH +H2S04aq -Na2S04aq -2H2O = 31.4 Cal. 


( NaOHaq f- H2S04aq - NaHS04aq - HgO “ 14.75 

( Na0Haq + NaHS04aq — Na2S04aq — H2O = 16,65 

Total ^Cal. 


(b) From ammonia, hydrogen chloride and water a dilute solu- 
tion of ammonium chloride, NH4CI, can be prepared, either by 
letting dry ammonia gas combine with dry hydrogen chloride gas 
and dissolving the resulting ammqnium chloride in water or by 
first dissoKing ammonia and hydrogen chloride in separate por- 
tions of water and then mixing the solutions. In the first case we 
have the equations : 


NH 3 «as + HClga 5 -NH 4 Cl.so)iJ = 42.6 

NH4ClsoIid4-aq~NH4Claq =“ 4.0 

38.6 Cal. 

in the second case: 

NH 3 -f- aq — H^aq — 8.82 

HCl-baq— HClaq =17.13 

NHsaq -HHClaq -NH 4 Claq =12.45 


38.40 Cal. 


The final effects in the two cases are found to be alike within the 
limits of experimental error. 
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mth the help of Hess’s law the determination of the caloric 
effect is rendered possible in many reactions which cannot be 
dealt with directly or are unsuitable for calorimetric measure- 
nieiits. In general this is done by making thermochemical meas- 
mements for a senes of processes in which the reaction plays a 
part and finally calculating the caloric effect of the reaction as 
the single unknown, as wiU be more fully explained in the examples 
below. 

Suppose it were required to find the heat of formation of hydro- 
gen sulphide. This compound can be formed directly from its 
elements (§ 72 ), but only in a way unsuitable for thermochemical 
study. We will then start with the system, H, S, and 0, and 
conceive it as undergoing the following changes: (1) hydrogen 
and sulphur are burned to water and sulphur dioxide; (2) hydro- 
gen and sulphur are combined and the hydrogen sulphide formed 
Ls burned to water and sulphur dioxide. Since we started with 
the same system and in the end reached the same result in each 
case, the caloric effect must be the same according to Hess’s law. 
We therefore have: 

Heat of combustion of H+heat of combustion of S = 
heat of formation of H 2 S + heat of combustion of H 2 S. 

(2H+0-H20) + {S+20~S02) = 

(2H + S - H 2 S) + (HgS + 30 - SO 2 - H 2 O), 

68.0 + 69.26=2:+ 133.46; 

•. 2:=(S+2II-H2S) = 3.8. 

It is a somewhat more complicated task to determine the heat 
of formation of hypochlorous acid, an example of a compound 
that cannot be prepared directly from its elements. It is com- 
puted in the following way : When a solution of this acid is mixed 
^'ith hydriodic acid, it decomposes according to the following 
equation: 


HOClaq + 2HIaq =21 + HClaq + HgO + 50.41 Cal. 

This amount of heat evolved is the algebraic sum of the fol- 
lowing caloric effects: (1) decomposition of HOClaq, unknown; 
(2) decomposition of 2HIaq= -26.34; (3) formation of HClaq 
==39.4; (4) formation of water =68.0. 
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The equation thus becomes 

-a:~26.34+39.4+68.0 = 50.41; 

+30,65 Cal. 

100. In using these values of the heat of formation and heat of 
decomposition it should be noted that they do not represent the 
amounts of heat liberated by the combination of atoms to form 
molecules, but that the heat of decomposition of the molecules 
of the elements (i.e. the amount of heat required to break these 
molecules up into atoms) is always included. When, for example, 
chlorine unites with hydrogen to form hydrochloric acid, 22.0 Cal. 
are given off. That which is measured is the total caloric differ- 
ence between the initial system H2+CI2 and the 2HC1 formed 
from it. In the indirect determination of a heat of formation 
with the help of Hess's law the calculated caloric effect also 
includes the heat of decomposition of the molecules of the ele- 
ments. In the determination of the heat of formation of hydrogen 
sulphide, for instance, in the above w'ay the caloric effect of the 
combustion of this gas is composed of the following parts: 

2(2H + S - H2S) + 3(20 - O2) = 2SO2 + 2H2O + p Cal. ; 
that of the combustion of hydrogen of the following: 

2(2H - H2) + (20 - O2) = 2H2O + q Cal. ; 

that of the combustion of sulphur of 

(2S - S2) + 2(20 - O2) = 2SO2 + r Cal. ; 

(20-02)^ etc., indicating the heat of decomposition of molecules 
of the elements. 

The heat of formation of hydrogen sulphide is r +5— p. Deduc- 
ing the value of r+q-p from the above equations, we have 

r+?-p=(2S-S2)+2(2H-H2)-2(2H+S-H2S), 

from which it follows that the heats of formation of the sulphur 
and hydrogen molecules are included in the heat of formation 
found. 
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10 1. Experience has shown that ordinarily those chemical 
roeesscs take place whose effects are exothermic, while those which 
Luld have an endothermic effect do not take place. This furnishes 
a useful means of often foretelling the direction of a reaction. 
The formation of water or liydrogen chloride is acconipaiiied by the 
evolution of considerable heat; that of chlorine monoxide, CI 2 O, 
on the contrary, is endothermic; as a matter of fact the latter sub- 
stance cannot be obtained directly from its constituent elements, 
while this is possible with water and hydrochloric acid. Iodine 
is displaced from metal iodides by chlorine, chlorides and free 
iodide being formed. The equation is 

KI+Cl=KCl+I+25.5Cal. 

On the other hand, iodine cannot liberate chlorine from potassium 
chloride, since this action would consume 25.5 Cal. ^ Many examples 
could be given of reactions which might proceed in^vanous direc- 
tions but take that one which involves an evolution of heat. 

It might therefore be supposed that the heat given off m a 
reaction could be regarded as a measure of the affinity satisfied 
by it. Berthelot has indeed accepted this view; but reasons, 
furnished by thermodynamics, prove that it cannot be correct 
The application of the methods of themodynamics to chemical 
problems has led to clear views concerning this and many ot er 
kindred mattem. It cannot be denied, however, that in its present 
condition thermodynamics is still far too general for the great 
majority of cases and that scientists are just beginning to work 
out the application of its general principles to definite reacrions. 
One of the most important deductions of thermodynamics is t e 
phase rule (§ 71), which has already been applied in numerous in- 
stances. Another is Le Chatelier’s rule, which we shall next 
consider; many applications of it will be met with in succee mg 
chapters* 

Le Chatelier’s "RtiLE. 

102. When any system is in physical or chemiml ^ihbnm, 
<t change in one of its eqailihrium factors ® 

whose effect is opposite to that of the former c aijie. 

This rule, or theorem, which can be called the pnncip e o 
resistance of the reaction to the action, furnishes us with a con- 
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venient means of foretelling in many instances the direction which 
a reaction will follow. Some examples may be given to illustrate 
the rule. 

(1) When a system of water and ice is subjected to increased 
pressure, the icc melts; that is, that process goes on which involves 
a contraction, for by this contraction the system diminislies the 
pressure exerted on it. 

(2) Monoclinic sulphur, when compressed near the transition 
point (the temperature of equilibrium for ordinary pressure), passes 
over into rhombic sulphur, since this process involves a lessening 
of volume, and in the end also a diminution of pressure, as in the 
previous case. 

(3) When a solution is diluted the osmotic pressure decreases 
according to Boyle’s law; in the case of a solution of an electro- 
lyte dilution will be followed by farther dissociation, since tliis 
increases the osmotic pressure. 

(4) When a liquid is heated, more vapor is formed; since the 
vaporization absorbs heat, its effect is opposite to that of the heating. 

103. Van’t Hoff’s principle of mobile equilibrium is an appli- 
cation of this rule to a special case. It says: An equilihriim 
between two differenl states oj matter (systems) displaces itself under 

constant pressure by a of temperature to ifuit one of the two sys- 

evolves 

terns whose formation ~ , ■ heat. A few examples will serve to 

absorbs ^ 

make this clear. 

(1) Rhombic sulphur becomes monoclinic when heated above 
the transition point, since heat is absorbed by this transition. 
Below this temperature the inverse transition takes place. (Ordi- 
nary pressure is assumed in each case.) The reaction works in 
opposition to the temperature change produced from without. 

(2) A salt whose heat of solution is negative (saltpetre) dis- 
solves to a greater degree if the temperature rises. If its heat of 
solution is positive, a rise of temperature causes a separation from 
solution (§ 235). We shall meet with still other illustrations of 
this rule in the remaining portion of the book. 

104. There is still another deduction from thermodynamics 
worthy of notice here. Thermodynamics funiishes us in a very 
general way with a means of determining whether or not a reaction 
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is possible. Nevertheless it does not require that the particular 
reaction which is possible should really take place. 
The thought then suggests itself at once that, where reactions which 
are possible do not take place, there are conditions existing which 
were overlooked in the apphcation of the thermodynamical laws 
and which prevent the reaction from occurring. Such conditions, 
of which there are indeed indications in many cases, may be com- 
prehensively termed passive resistances. They may be capillary 
actions, perhaps, or mechanical hindrances or friction or something 
of that sort. These passive resistances may sometimes greatly 
retard the reaction velocity, especially at low temperatures. We 
already saw an example of this in § 12 in a mixture* of hych'ogen 
and oxygen. Moreover Pictet has shown that sodium, which 
reacts rather vigorously with alcohol at ordinary temperatures, 
floats on it quietly at - 80° without any apparent reaction; even 
concentrated hydrochloric acid and marble do not react upon 
each other, or at least only very slowly, when they are cooled to 
a low temperature. 

It has been found from thermodynamical laws that the varia- 
tion of the reaction velocity with the temperature may in general 
be expressed thus: when the temperature increases arithmetically, 
the velocity increases geometrically. Experience has farther shown 
that a temperature rise of ten degrees generally involves about a 
doubling or trebling of the reaction velocity. 

It is not difficult to see what an exceedingly important r61e the 
passive resistances above referred to play in nature. Were it not 
for them, the phenomenon of combustion, the oxidation of metals, 
etc., could take place at ordinary temperatures; everything com- 
bustible would then burn and there could be no animal and vege- 
table life on the earth. 


NITROGEN. 

los. This element occurs free in the air, which contains about 
80% nitrogen and 20% oxygen. In combination, it is found in the 
salts of nitric acid, e.g. saltpetre, and also in the albuminoids, 
which form an important constitutent of animal and vegetable 
n^ganisms, 

Nitrogen can be easily isolated from the air by removing the 
oxygen. This is accomplished in various ways. Phosphorus, 
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when burned in the air, absorbs the oxygen to form phosphorus 
pentoxide, and the residual gas, aside from slight admixtures 
(§ 110), is nitrogen. Again, air can be passed over heated copper 
in a finely divided condition, whereupon copper oxide is formed and 
nitrogen left. 

In this process the oxygen of the air soon converts all the copper into 
copper oxide, so that of course only a limited amount of nitrogen can thus 
be obtained with the aid of a given amount of copper. However, if 
the air is first passed through ammonia water, the process can be carried 
on continuously, since the hydrogen of the ammonia, constantly 
reduces the oxidized copper. 

Co]3per can also absorb the oxygen of the air at ordinary tem- 
peratures, if it is treated with a solution of ammonia and am- 
mo iiiuin carbonate. Moist phosphorus combines with oxygen even 
at ordinary temperatures, so that a volume of air which remains 
in contact with pieces of phosphorus for some minutes loses its 
oxygen. An alkaline solution of pyrogallol also has the ability to 
absorb oxygen at ordinary temperatures. These reactions are 
made use of in gas analysis. 

Pure nitrogen is obtained by the direct decomposition of certain 
of its compounds, especially by heating ammonipm nitrite. 

NH4N02 = N2 + 21120. 

This is usually accomplished by boiling a solution of equal parts by 
, weight of potassium nitrite, KXOj, sal ammoniac, NH,CI,and potassium 
dlchromate, K^CrjO^, in 3 parts of water. The NH.a and KNOo react to 
form KCl and NH^NOg. 

By heating ammonium chromate, (NH4)2Cr04 (a mixture of 
ammonium chloride and potassium dichromate is more convenient), 
nitrogen is also set free; 

KjCraO; + 2NH4CI = N2 + CraOs + 2 KC 1 + 4H2O. 

An example of the formation of nitrogen by the indirect decom- 
position of its compounds is, the reduction of nitrogen oxides 
by hot copper: 


2NO-f2CuiN2+2CuO. 
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Physical Properties . — Nitrogen is a colorless and tasteless gas. 
Its specific gravity based on air is 0.9682, its density compared 
with hydrogen is therefore 13.93. 1 1. N weighs 1.2521 g. at 0° 
and 760 mm. It is one of the most difficult gases to condense, 
its critical temperature being - 146°, Its boiling-point is - 194°. 
At -214° it becomes solid. It is only slightly soluble in water, 
even less so than oxygen. 

Chemical Properties . — Nitrogen is chemically very indifferent; 
it unites with no element at ordinary temperatures and at higher 
temperatures with only a few. Boron, silicon, titanium, barium, 
strontium, calcium, magnesium, chromium and also certain rare 
elements combine directly with nitrogen at red heat, forming 
nitrides. Magnesium nitride has the formula Mg3N2. Nitro- 
gen unites with oxygen under the influence of induction sparks 
directly (reddish brown NO2 being formed); with hydrogen it 
combines in a similar way. When a mixture of hydrogen and 
nitrogen, together with a few drops of concentrated hydrochloric 
acid, is introduced into a tube over mercury and induction sparks 
arc sent through, clouds of ammonium chloride, NH4CI, are pro- 
duced, the nitrogen and hydrogen having united to form ammonia, 
NH3. These last two reactions and the fact that nitrogen is not 
able to support combustion serve for the identification of nitrogen 
gas. ' 

The molecule of nitrogen consists of tw'o atoms, this having 
l)ceii demonstrated in the same way as for oxygen and other gaseous 
elements. 


THE ATMOSPHERE, 

106. The air was regarded as an element up to the end of the 
eighteenth century. It finally developed from the investigations 
of Priestley and Lavoisier that it is not a simple body. The 
correct explanation of the phenomena of combustion led to this 
conclusion. 

Before Lavoisier’s time the explanation of the phenomena of com- 
bustion was just the reverse of the present one. It w^as then thought 
that all combustible or oxidizable substances had a common constituent, 
phlogiston. According to this theory, which was presented by St.\hl 
(1660-1734), the combustion of a body is due to the escape of phlogiston. 
If this occurs in a violent manner we have the phenomenon of fire. The 
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more inflammable a substance is, the more phlogiston it was supposed to 
contain. Sulphur, phosphorus, carbon and hydrogen therefore ranked' 
as being very rich in phlogiston. As to the real nature of this phlogiston 
opinions were decidedly different. At various times experiments were 
performed with the hope of isolating the substance. For a 'vyhile it was 
thought with Cavendish that hydrogen was pure phlogiston. 

The prevailing ideas were as follows: Substances that possess much 
phlogiston can transfer it to those which have none or very little. The 
metals, for example, are substances that contain a certain amount of 
phlogiston, which they give off on being heated in the air; by this process 
they arc changed to calxes (now called oxides), which contain no phlogis- 
ton. When one of these calxes is heated with carbon or hydrogen, it 
absorbs phlogiston from them and is changed back again to the metal. 
The fact that sulphur, phosphorus or any other inflammable substance 
soon ceases to burn when it is enclosed in an air-tight sjmcc was explained 
by the supposition that the air has then become so saturated with phlogis- 
ton that the latter can no longer escape from the burning body. 

We see from the above that this theory led men to view many phenom- 
ena from a common standpoint and undoubtedly contributed in no small 
degree to the advancement of chemistry. So long as the phenomena of 
burning were regarded in that light, there w^as no occasion to doubt the 
elemental nature of air. They believed that bodies lose something when 
they are burned, wlule we now know that on the contrary something is 
taken up from the air. The great mistake of the phlogiston theory was, 
that it did not regard the increase in weight of the burned body; as soon 
as Lavoisier and others drew attention to this most important fact, the 
phlogiston theory could no longer be upheld. 

On the first of August, 1774, Priestley had discovered oxygen, which 
he himself regarded as air devoid of phlogiston dephlogisticated air ”) ; * 
Lavoisier, however, recognized this substance a.s the essential prineijilc 
of all burning and oxidation. It now required only a step to reach (he 
conception that air is not an element, but contains another gas in addition 
to oxygen, and that this gas does n o t support combustion. The experi- 
ment by which Lavoisier demonstrated this has been already described 
(§9). By measuring the amount of nitrogen which remained after the 
absorption of the oxygen by hot mercury he was able to determine fairly 
accurately the composition of air. 


* From the letters and laboratory notes of Scheele, published by Baron 
Nordenskiold (Stockholm, 1892), it is evident that oxygen was knowm to 
ScHEELE sooner than to Priestley; he called it FeuerluftN However, this 
discovery did not seem to lead him any nearer than Priestley to a corren’t 
understanding of the phenomena of burning. 
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Constituents of the A^mospAere.—Hesides oxygen and nitrot^en 
air contains argon and the other elements described in § 110 
hydrogen ( 0 . 02 %), and also variable amounts of water vapor; 
carbon dioxide (very nearly 0.04% on the average), ammonia', 
ozone and perhaps hydrogen peroxide (the last three in extremely 
«inall quantities). Incidentally sulphur dioxide and other gases 
arc found in the air (e.g. in the vicinity of volcanoes). The lower 
strata of air always contain floating dust particles, iiiicrobcs, etc. 

107 . Amlysis of The proportional amounts of oxygen and 
nitrogen in carefully dried air, free from carbon dioxide, etc., has 
been repeatedly determined with all due precaution. According 
to the method of Duaus and Bouissixgaxjlt this can be done as 
follows: 

The tube, ab (Fig. 37), containing copper turnings is connected 
with the globe, F, all air having been removed from both. The end 
of the tube marked 6 is attached to the various pieces of apparatus, 



Fig. 37.— Analysis of Air. 


B and A, which are to remove the carbon dioxide and water 
Vapor from the inflowing air. The globe, F, Is first carefully 
^'pighed without air. Thereupon the tube is heated by means of a 
f’^rnace and a slow current of air is allowed to pass through it to 
globe by partially opening the stop-cocks* u and r, the oxygen 
meanwhile asborbed by the hot copper. By subsequently 
'veighing the globe the amount of nitrogen which it contains can 
^ 'determined and by weighing the tube before and after we can 
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find the amount of oxygen. In this way the ratio of oxygen to 
nitrogen in air can be ascertained, 

Anotiier method is the eudiometric method. A known volume 
of air is mked with a sufficient known volume of pure (electro- 
lytic) hydrogen. On allowing an electric spark to pass through, 
the hydrogen and oxygen unite to form water, which is deposited 
on the sides of the vessel. Inasmuch as 2 vols. hydrogen combine 
with 1 vol oxygen, one-third of the volume that disappeared must 
have been oxygen. 

io8. These and other methods of investigation have shown that 
the cojuposition of the air is nearly constant. In all parts of the 
earth, as well as at the highest altitudes which balloons have 
reached, it consists of 

20.81% oxygen and 79.19% nitrogen by volume; and 
23.01% '' “ 76.99% “ w^eight. 

The observed variations from this ratio amount to hardly ±0.1%. 
Moreover, the composition does not appear to change with time; 
our present analyses agree with those of Dumas and Boussingault 
made in 1841. 

This result seems surprising at first thought, because oxygen 
and nitrogen are constantly being removed from the air and again 
returned to it and it does not necessarily follow, indeed it is rather 
an improbability, that the losses and gains will exactly balance, 

The oxygen passes through the following cycle: Free oxygen 
is consumed in all sorts of oxidations, particularly in the, respira- 
tion of animals and plants and in the burning of fuels, carbon 
dioxide being formed. This carbon dioxide is employed by the 
plants in their process of assimilation, whereby the oxygen in it 
is again given back to the air. It will therefore depend on the 
relative magnitude of this process as to whether just as miu'h 
oxygen gets back into the air as was previously taken up in the 
formation of carbon dioxide. The oxygen which serves for other 
oxidations does not necessarily return to the air. 

Nitrogen passes through a cycle too. Most of the nitrogen 
that occurs in the form of organic compounds in animal and vege- 
table tissues remains in the combined state after the death of 
the organism, either as ammonia or as nitric acid or in other nitrog- 
enous products. During the process of decay the combined 
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nitrogen is partially liberated; in the burning of plant and animal 
remains all of it is set free. On the other hand, eertain plants, the 
Leguminoso^f are able by symbiosis with bacteria to absorb free 
nitrogen from the air directly. There are also bacteria which, 
anting alone, can assimilate nitrogen. Moreover, in storms some 
nitrogen combines with oxygen, and again, silent electric discharges, 
such as must frequently pass between earth and clouds, cause the 
nitrogen to enter into combination. Here the question again 
arises whether as much comes back to the air as goes out. 

From what has been said it is sufficiently clear that it would 
be a mere coincidence if exactly as much oxygen should happen 
to be withdrawn as is given back. Approximate compensation 
prol)ably takes place, but, even if it should not, the atmosphere is 
so vast that its composition would be only slightly affected in the 
course of centuries. 

The follo\mg calculation will convince one of the soundness of this 
argument: The normal atmospheric pressure is 760 mm. mercury; this 
is due to the weight of the air and the moisture in it. Granted that the 
pressure of the latter averages 10 mm., we have 750 mm. left for the 
pressure of the air itself; i.e. the weight of the air is equal to that of a 
layer of mercury 750 mm. thick extending over the entire surface of the 
earth. This weight can be calculated thus: The volume of the space 
between two concentric spheres is iztPr, if R is the radius of the inner 
sphere, and r the thickness of that space. The radius of the earth (R) 
is, on the average, 6,370,284 m.; r is 0.75 m.; therefore, taking into 
consideration the specific gravity of mercury (13.59), we have for the 
desired weight of mercury or air 5.2X10^® kilograms. Since 1 m.* 
air at 0° and 7G0 mm. pressure weighs 1.2932 kg., the above weight 
corresponds to a volume of air of 4xl0‘* m.^ (at 0° and 760 mm.) 
or 4 X 10^* =8X10^^ m.’ of oxygen. In comparison with this the amount 
of (jxygen which is withdrawn from the air in breathing, burning, etc., is 
very small. An adult human being consumes about GOO liters of oxygen 
every twenty-four hours, or 219,000 liters (219 m.®) a year. The popula- 
tion of the earth is not quite 1500X 10*; all these people therefore require 
328,5X10* ra.® of oxygen in a year. Assuming farther, which is a very 
estimate, that the total consumption of oxygen is ten tijnes the 
amount required for human respiration, the atmosphere would be deprived 
^ach year of 328.5x10'* m.>, i.e. the 416XlO-*th part of the whole 
fimount. The relative insignificance of this amount is better under- 
stood when we reflect that 0.1% of all the oxygen on hand would be 
SxiO‘'m.». According to the above calculation of the annual need 
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there would be enough ox}'gen to supply the demand for 244 years with* 
out allowing for any compensation. Sijice, however^ the assimilative 
process of the plants yields a considerable amount in addition, the varia- 
tions in the proportion of oxygen in the air must obviously be imper- 
ceptible with our present analytical methods. 

The air is a mixture. It cannot be a compound of nitro- 
gen and oxygen for the following reasons: (1) the ratio of nitrogen 
to oxygen is different than it would be for a compound of the 
two elements, for in the latter case it would have to correspond 
to the ratio of the atomic weiglits or a multiple of the same; (2) 
by mixing nitrogen and ox 3 ^gen in the ratio in which they exist in 
air a synthetical air is obtained which is in every respect like that 
around us. (This excludes the possibility of air containing a ]xt- 
ce|)tlble amount of a compound of the two elements in addition to 
free nitrogen and free oxygen.) (3) The ratio of the solubilities 
of the oxygen and the nitrogen of the air in liquids is not the same 
as tliat of their occurrence in air; (4) when liquid air boils the 
first part of the distillate is chiefly nitrogen. 

lop. The liquejaction of air is now carried on in commerce. 
The methods used by Lixdu and by Hampsox are based on the 
same principle, namely, cooling the air b}" expansion. Furtlicr 
details may be found in text-books on physics. 

Liquid air is very mobile and has a bluish tint. It is usually 
somewhat cloudy because of suspended particles of ice (congealed 
atmospheric moisture) and solid carbon dioxide. These may be 
removed by filtration through filter-paper. It boils af about 
-190°. It is now extensively used in producing, and demonstrat- 
ing the effects of, very low temperatures. When carbon dioxide, 
for example, is led into a flask containing liquid air, it falls in 
the solid fomi like snow-flakes. In spite of its low temperature 
liquid air can be poured upon the hand without danger; it does 
not even feel cold (on account of the Leydenfrost phenomenon). 
Liquid air is much richer in oxygen than the gaseous air of the 
atmosphere, containing about 50%. If a glo^dng splinter is 
dipped into the liquid, the wood begins to burn very vigorously^ 
producing a violent reaction. It can be preserved for a ratlier 
long time in vacuum flasks. 
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ARGON, HELIUM AND COMPANION ELEMENTS. 

no. Argon. Despite the fact that air had been already 
aiuil\'zed times without number, it was first discovered in the 
course of investigations by Rayleigh and Ramsay in 1894 tliat 
there are other elements in the air than nitrogen and oxygen. 
One of these, named argon by its discoverers, is oven found to 
the extent of 0.9% by volume, or 1.2^;^ by weight. It was 
oil account of its extraordinary resemblance to nitrogen that it 
was so long overlooked. The first indication of its presence was 
the observation that the specific gravity of the nitrogen isolated 
from the air is somewhat higher than that of the nitrogen pre- 
pared from ammonium nitrite and other compounds. 1 liter of 
nitrogen from air weighed 1,2572 g., while the same amount from 
chemical compounds weighed 1.2521 g., in both cases at 0° and 
760 mm. There must therefore be another gas lieavier than 
nitrogen, mixed in with the nitrogen of the air. 

Two methods veere employed by the investigators above named 
to isolate this gas. The first one was to pass the air over hot copper 
in order to remove the oxygen, and then over red-hot magnesium, 
whiiih absorbs the nitrogen (§ 107). There still remained a small 
quantity of gas which was not nitrogen. The other method was 
to subject a mixture of air and oxygen over caustic potash to the 
action of induction sparks for a long time. The oxygen unites 
with the nitrogen, forming compounds which are absorbed by 
the pota&h. At the end the excess of oxygen is removed by some 
absorbing-agent (§ 105). In this case also there is a remainder 
of gas. Still other methods have been devised for obtaining 
argon from the air. One of the simplest is to heat air with a 
oiixture of 1 g. magnesium, 0.25 g. sodium and 5 gr. freshly ignited 
ibue. On account of the high temperature free calcium is formeil: 

Mg -l- CaO = MgO + Ca, 

^■nd it is in such a finely divided condition that it absorbs oxygen 
greedily and also nitrogen, so that only argon is left. 

After argon had been once discovered it was found elsewhere 
^bari in the atmosphere; some mineral waters contain it in solution, 
^rtala rare minerals yield it when heated, etc. 
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Argon is a colorless^ odorless gas, having a vapor density of 19,957, 
Its molecular weiglit is therefore 40. It has been found (page 17l) 
that the molecule consists of only one atom and that the atomic 
weight is, therefore, also 40(0=16). It has been condensed to a 
colorless liquid, that boils at —186.9°, by cooling with boiling 
oxygen and compressing to about 50.6 atmospheres; it solidifies 
at — 189.6°. It is somewhat more soluble in water than is nitrogen 
(0.05780 parts in 1 vol at 0° and 760 inm. pressure). As to its 
chemical nature, it is interesting that no one has yet succeeded in 
preparing a compound of argon. 

It is certain that wliat is now called argon is neither a mixture 
nor a compound, but an element. The boiling-point and the 
melting-point are constant, and the vapor pressure of argon like- 
wise remains constant during the liquefatition, so long as any gas 
is present. Moreover, when a certain volume of argon is th^c^ 
fourths dissolved in water,' the undissolved gas shows exactly 
tlie same spectrum as the dissolved. All of the above are charac- 
teristics of a homogeneous substance. The extraordinary stability 
of the gas in the presence of all sorts of reagents is a strong argu- 
ment against its being a compound. 


After thC' discovery of argon Ramsay and Travers detected four 
other rare gases in the atmosphere, though their quantity is very .small. 
These arc helium, neon, krypton, and xenon. Helium obtained its 
name because its existence on the sun (§ 267) had already been pointed 
out before it was discovered on the earth. In 1895 these chemists sue- 
ceeded, however, in obtaining it in small amounts on heating the rare 
nuoeral deveite. Afterward it was also met with. as a companion of 
argon in certain other, chiefly uraniferous, minerals as well as in mineral 
spr'ngs, for instance those of Bath. When air is liquefied, a part of it 
always escapes condensation; this part consists chiefly of nitrogen, hut 
con ains a ’o elium and neon. Nitrogen can be removed from this 
mix re y the methods already described above (p. 163). When the 
resulting mixture of helium and neon is then cooled with boiling hy- 
drogen, neon alone is condensed. 

gas, which cannot be 

hquefied even by coo hng with solid hydrogen and expanding at the saiae 

tim^ It IS less soluble in water than argon. 

k r of ‘ho .* 

residue nft "”0 obtained, on the contrary, from lb® 

due, after a large quantity of liquid air had been allowed to evap'Wt® 



111.] COMPOUNDS OF NITROGEN AND HYDROGEN. 171 

glowiy. Their separation was rendered possible by the fact that krypton 
still has a rather large vapor tension at the temperature of liquid air 
while the vapor tension of xenon is then imperceptible. 

Both these elements occur only in extremely small amounts in the 
atmosphere. In a recent mvestigation Ramsay found one part of 
kry[)ton in seven million parts of air and one part of xenon in forty 
million parts of air (both by weight.) 

Ill the following table some of the constants of these elements are 
given. 



Helium, j 

Neou. 

Argon. 

1 Krypton. 

Xenon. 

Density (0 =16). , . 
Atomic weight. . . . 
Boiling - pomt at 
760 mm 

1.98 ’ 

4 

9.97 

20 

19.96 

39.9 

86.9° abs. ’ 

i ' 

40.88 

81.8 

j 121.33° abs. 

1 

64 

128 

163.9° abs. 





These gases have three properties in common which are worthy 
of mention here. In the first place, they display characteristic spectral 
lines in Pliicker tubes (§ 263) , whereby it has been possible to recognize 
them and to judge of their purity. In the second place, no one of these 
elements has been found to enter into combination with other elements; 
they may therefore be considered nullivalent. In the third place, they 
possess the property already alluded to in the case of argon, whereby 
their molecule consists of only one atom. This fact could not be dis- 
covered in the ordinary way, described in §§33 and 34, because of the 
entire absence of compounds for investigation. It has, however, been 
possible to ascertain it from the molecular heat of the gases. This is 
the amount of heat that must be imparted to a gram-molecule of a gas in 
order to raise its temperature one degree. For gases mih two atoms in 
their molecule the- molecular heat is about 5 Cal. ; with three atoms 
^bout 7.5 Cal.; but for mercury, whose molecule has only one atom 
(as can be proved according to §§33 and 34) , it is only 2.5. Now, since 
the density of argon is found to be nearly 20 (II = 1), its molecular weight 
is 40. For this weight the molecular heat was found to be 2.5, which 
proves that argon has only one atom in its molecule, and that thedatter 
therefore weighs 40. In the same way similar results have been obtained 
the other rare gases of the atmosphere. 

Compounds of Nitrogen and Hydrogen, 

Until recent years only one compound of hydrogen and 
nitrogen has been known, viz., ammonia, NII3. At pr^ent, how- 
we know five: the others being hydrazine, N2H4, hydrame 
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fflcid, N3H, and the cmpouTids of the latter with ammonm arid wUk 
hydrazine (NHs-NaH and N2H4‘N3H). Of these five compounds, 
however, ammonia is by far the most important. 

AMMOfflA. 

The material now used for obtaining ammonia is the '‘ammonia 
liquor of the gas-factories. The gases that arc given off in the 
dry distillation of coal are passed through water, which dissolves 
the ammonia. 

In order to obtain a pure ammonia, the ammonia liquor is heated with 
milk of lime and the expelled ammonia is led into concentrated sulphuric 
acid. In this ^vay crystallized ainmonium sulphate is obtained. It is 
puiified by recrystallizatioii and again distilled with lime to recover the 
free ammonia. 

Ammonia can he prepared synthetically by the following 
methods, which are as yet, however, without any industrial impor- 
tance. The direct synthesis from the elements was given above 
(§ 107 ). There are also example.s of its formation by the direct 
decomposition of its compoiuids. Thus W'e obtain it by heating 
the ammonia compounds of certain salts, as aC!aCl2'^NH3 and 
a:AgCI-yNH3. A number of organic compounds yield nitrogen in 
the form of ammonia on heating. i\Ioreover, ammonia results from 
the action of hydrogen on certain nitrogen compounds, as, for 
example, when nitric acid, HXO3, comes in contact with nascent 
hydrogen (generated from zinc or iron filings and dilute sulphuric 
acid), or when a mixture of nitric oxide, NO, with hydrogen is 
passed over platinum black: 

2NO + 5H2-2NH3 + 2H2O. 

The formation of ammonia by the action of free nitrogen on 
hydrogen compounds has not been brought about, but the gas can 
be produced by the interaction of a hydrogen compound with a 
nitrogen compound. An illustration of this is the deeomposition 
of magnesium nitride (§ 107 ) by water: 

MgaNj + 3H2O = 2 NH 3 + 3 MgO. 

The putrefaction of organic matter (faeces, urine, etc.) evolves 
ammonia. By the action of electric sparks on. moist air ammonium 
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nitrate is produced. These last two methods of formation are 
responsible for the slight traces of ammonia in the air. 

Physical Properties.— Ammonia at ordinary temperatures is a 
gas rnth a characteristic odor^ that excites one to tears. Its specific 
gi’avity is 8.5 (H = 1) or 0.589 (air = 1) ; 11. XH3 at O'" and 760 mm. 
pressure weiglis 0.76193 g. It can be easily liquefied; it boils at 
-33.7° and becomes solid at -75°; it then forms white tran,s- 



Fig. 38 . — Diagram of an Ice-machine. 


lucent crystals. It is extremely soluble in water; at 0° and nor- 
mal pressure 1 vol. H2O dissolves 114S vols., or 0.875 parts by 
weight, of NH3. The specific gravity of the solution of ammonia 
ill water grows smaller as the concentration increases. 

The evaporation of liquid ammonia involves a considerable depres- 
sion of temperature. This is the principle of most of the ice-machines 
now in use. They consist mainly of two serpentines K and I (I lg» 38) ; 
the first is plunged in a vessel through which cold water flows; the second 
contains a concentrated salt solution. P is a pump, which draws ammonia 
gas through G by means of the valves 8^82 and which compresses the 
gas through C by means of the valves and D^. The gas thus lique- 
fied in K is allowed to enter V through the cock R. There it evaporates 
quickly and so cools the salt solution below 0®. If a vessel of water be 
plunged into the salt solution the water will be frozen in a short time, 
machine thus worts continuously. 
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Chemical Properties , — The characteristic property of this com. 
compound is that it comhiries with acids directly to form salts: 


NH3+HC1=NH4CL NH3 + HNO3 =NH4N03. 

Ammuitium Ammonium 

chloride. nitrate. 

2NH34-H2S04 = (NH4)2S04. 

Ammonium 

sulphate. 

In these salts (which are almost all readily soluble in water) 
the atomic group NH4 plays the part of a metal; they correspond 
in every respect to the compounds KCI; KNOa, K2S04^ etc. TJiu 
group, or radical, NH4 has been given a particular name; it h 
called ammonium. More than one attempt has been made to 
isolate this ammonium, but always in vain. However, when 
sodium amalgam comes in contact with a concentrated ammo 
nium chloride solution, the mercury swells to a soft spongy mass 
that rapidly decomposes at ordinary temperatures into ammonia 
and hydrogen and is in all probability, therefore, ammonium amal- 
gam. If sodium amalgam is allowed to react with ammonium 
iodide dissolved in liquid ammonia at —39°, a hard metallic ma-^^s 
is obtained, which swells mih. rising temperature because of decom- 
position into mercury, hydrogen (1 vol.) and ammonia (2 vols.): 


2NH4=2XH3-fH2, 


The aqueous solution of ammonia reacts strongly basic ; so do 
the moist fumes of ammonia. We must therefore assume that 
this solution contains a compound NH4OH, ammonium hydroxide, 
and hence also the ions NH4 and OH in analogy with other soluble 
bases, e.g. potassium hydroxide, KOH (see § 234). 

Ammonia does not burn in the air but does in oxygen; in addi- 
tion to water and. nitrogen traces of ammonium nitrite, NH4NO2, 
and nitrogen dioxide, XO2, are also formed. A mixture of 
ammonia and oxygen explodes violently when it is ignited. The 
oxvgen conveyechby soil bacteria may al.so cause the oxidation of 
ammoma, producing nitric acid. Chlorine takes fire when passed 
into ammoma, formmg nitrogen, X2, and hydrochloric acid; the 
latter then unites with the remaining ammonia to form sal am- 
momac, XH4CI. The hydrogen of ammonia is replaceable by 
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Dietals. Magnesium, e.g. bums in ammonia, forming magnesium 
nitride, Mg 3 N 2 . When ammonia is conducted over hot potassium 
or sodium, potassium amide, NH 2 K, or sodium amide, NH 2 Na, is 
formed. These and analogous metal compounds are decomposed 
by water, yielding ammonia again and also metal oxide or 
hydroxide. At high temperatures (produced by induction sparks) 
ammonia splits up almost completely into its elements, the volume 
being doubled : 

2NH3 = N2+3H2. 

2 vols. 1 vol. 3 vols. 

12 . On the other hand, nitrogen and hydrogen can unite to form 
ammonia under the influence of induction sparks (§ 107). Equilibrium is 
reached when 2% of ammonia is formed. This is the reason why am- 
monia cannot be split up by electric sparks to more than 98%: 

2NHg?^N2 + SHj. 

2 % 98% 

Nevertheless Nj+SHj can be completely converted into 2 NH 3 by 
induction sparks if the gas mixture is brought in contact with an acid, 
for by this means ammonia is constantly withdrawn from the gaseous 
system N 2 + 3 H 2 ^ 2 NH 3 ; the remaining gas mixture will therefore form 
new NH 3 in order to restore the equilibrium, and so on, until all the 
nitrogen and hydrogen have combined. 

113. Composition of Ammonia . — If an aqueous ammonia solu- 
tion (to which has been added a little sodium chloride to aid con- 
duction) is subjected to electrolysis, nitrogen and hydrogen are 
generated in the volume ratio of 1:3; from this it follows that 
the molecule must contain 3 H-atoms to every 1 N-atom, i.e. the 
empirical formula is NH 3 . Since the specific gravity of ammonia 

is 8.5 (0 = 16), the molecular weight is 17, which corresponds 
to tile above formula. 

HYDRAZINE, OR DIAMIDE, NgH^. 

114. This compound can be obtained by the action of sulphurous 
^rid on potassium nitrite, which yields a compound K^SOgNjO^, nitrosyl- 
potafsium sulphite. When the latter is reduced in aqueous solution by 
sodium amalgam, hydrazine is formed; 

K3SO3N2O2 + 3H2 = NjH, + K2SO, 4- H2O. 
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It is far easier to prepare hydrazine from some organic substances, 
but these methods fall outside of the scope of this book. 

By fractional distillation of the aqueous solution the hydrate 
XH 'IIjO is obtained, which boils constant at 118.5^; it is a liquid at 
ordinary temperatures and freezes below “40 . 

LoimY i)E Bhuvn showed that the molecule of water can be removed 
bv treatment with barium oxide and that the free hydrazine can be ob- 
tained in the pure state by distillation under reduced pressure. Tliis 
substance is liquid at ordinary temperatures, congeals at 1.4° and boih 
under ordinary pressure at 113.0° Sp. g. =1.014 at lo . It unites ^^itb 
water to form the above hydrate wi th the evolution of heat. Both the free 
hydrazine and its aqueous solut ion have a strong redifcing action, Tbe 
former gradually oxidizes in the air, reacts vigorously with the halogen.?, 
etc. The aqueous solution precipitates the metals from solutions of 
salts of copper, mercury, silver, etc., at ordinary temperatures. 

Hydrazine, like ammonia, unites with acids directly to form salts; it 
can take up either one or two molecules of a monobasic acid, N2H^'HC1 
and ^yI4•2HCl being both known. The aqueous solution of hydra- 
aine is strongly basic. Its salts are easily soluble in water, excepting 
the sulphate, which is rather difficultly so. 

HYDRAZOIC ACID, N,H. 

115. This interesting compound, like the preceding one, was fird 
discovered by Curtids as a product of organic compounds. It can be 
prepared by a purely inorganic method, viz. by passing nitrous oxide 
over sodium amide, XaXHj, at a high temperature (§111), 

2XaXH2 + Nf) =XaX3 + XaOH + XH3, 
or by treating hydraziiie sulphate (§ 114) with nitrous acid: 


aXjH^-HjSO^ +fiKX02 +3H2SO4 = 

2X3H + 8H,0 +6KHSO4 +20 +2X +2N3O. 

An aqueous solution of the free acid is best obtained by distilli*^^ 
lead hydrazoate, PbfXglj, with dilute sulphuric acid. By fractional 
distillation of this solution the pure acid can be obtained. 

Pure hydrazoic acid is a liquid with a penetrating, unbearable odor; it 
boils at 37° and is extremely explosive, even in aqueous solution. 

It is a strange fact that hydrazoic acid displays more or less analogy 
with the hydrogen acids of the halogens ; it forms, like them, difficultly 
soluble salts of silver, mercury (ous) and lead. These are, however, 
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5olublc in strong mineral acids. They are also very explosive, hence 
extremely dangerous, the sodium salt being the least so. An aqueous 
solution of the acid is only 0.008 ionized; it is thus a rather weak 
arid; it gives off hydrogen in contact with many metals, e.g. Zn, Fe, 
Cd, and Mg. It is characteristic of the metal hydrazoates (or azides ”) 
that they crystallize anhydrous and yield the pure metal when heated. 

Compounds of Nitrogen with the Halogens. 

ii6. Wlien chlorine gas is allowed to act on a concentrated 
solution of ammonium chloride, most conveniently by inverting a' 
flask full of c}il{®me over the warm (30°-40^) solution, oily drops 
arc formed, which are best collected in a leaden saucer placed 
under the mouth of the flask. These drops camtain some hydrogen 
as well as nitrogen and chlorine. By treating with chlorine once 
more pure nitrogen trichloride, XCI3, is obtained as a yellowish 
oil with a disagreeable pungent odor and a specific gravity of 1.65. 
This is one of the most dangerous of substances, because it 
explodes in a most violent manner, not only on contact wdth certain 
organic substances (e.g. turpentine) , but very often spontaneously. 
It dissolves in carbon disulphide, benzene and other solvents, form- 
ing yellow solutions. These solutions are relatively harmless; they 
decompose in the sunlight. 

Concentrated hydrochloric acid decomposes nitrogen trichloride 
according to the equation: 

Na3+dHCl = NH4Cl + 3Cl2; 
aqueous ammonia also breaks it up in a similar way: 

NCl3+4NH3=3NH4a + N2. 


Nitrogen trichloride is strongly endothermic : 

N+3Cl-NCl3 = -41.9 Cal. 

117* Nitrogen Iodide. — Various compounds are knowm which 
consist of nitrogen, iodine and hydrogen; the one or the other Is 
•Obtained according to the manner of treating iodine with ammonia. 

a solution of iodine in potassium iodide is mixed with ammonia 
Solution, a precipitate is usually obtained of the composition Nl2Hi 
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if the conditions are slightly altered another compound, N2I3H1 
(i.e. NH3 + NI3), is deposited, wliich breaks up on continued trealr 
ment ^vith water into ammonia and nitroget tri-iodide. These 
compounds are likewise very explosive. 

Another method is to digest pulverized iodine with ammonia 
water. The product so obtained is still more explosive, often 
exploding even when damp or when it is being washed with water 
or by the action of hydrochloric acid. In the presence of ammonia 
solution it is stable. 

MTen liquid ammonia is treated with iodine between -80° and 
-30°, compounds of ammonium tri-iodide with ^eral molecules 
of ammonia are obtained; they gradually part with a small amount 
of ammonia. 

Xitrogen iodide is decomposed by dilute hydrochloric acid, 
forming ammonia and chlorine iodide; 

NH2l+HCl = NH3 + ICL 

Nitrogen iodide is also decidedly endothermic. 


Hydroxylamine, NH2OH, 

118. Hydroxylamine is a reduction product of many oxygen 
compounds of nitrogen intermediate to the formation of ammonia; 
e.g. it is formed when tin acts on dilute nitric acid. Here the 
nascent hydrogen effects the reduction: 

HN03 + 3H2 = NH30+2H20. 

It is manufactured by the electrolytic reduction of nitric acid dis- 
solved in sulphuric acid. 


Lobby de Brijyn succeeded in preparing hydro ylamine in the pure 
anhydrous condition. He added sodium methylate to a solution of the 
hydrochloride in absolute (i.e. anhydrous) methyl alcohol, by which s 
solution of free hydroxylamine in the latter is obtained. This solutioi' 
IS freed from the precipitated sodium chloride by filtration and then 
the alcohol is remoyed by distillation, at first under ordinary pres-sure; 
the free base, ^H,OH is then obtained pure by fractionating under 
diminished pressure. It is a crystalline ^lid, melting at 30“ and toil- 
ing at 70 under 60 mm. pressure. When heated in the air, it ( ' ’ ' 
With a yellow name. 
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Hydroxylamine is easily soluble m water; its solution reacts 
strongly alkaline. It forms salts in the same way as ammonia, i.e. 
by direct addition of'the acid; NHsOH-HCl, NH2OH.HNO3, etc. 
These salts are rather stable; the hydrochloride, however, must 
be preserved over lime, else it slowly dccom[)oses, for the follo™g 
reason. The salt is split up to a very small degree into hydrochloric 
acid and hydroxylamine. Now free hydrochloric acid accelerates 
catalytically the decomposition of the salt. Wlien, however, the 
hydrochloric acid is absorbed by the lime, the decomposition 
becomes so slow that it Is imperceptible. The free hydroxylamine 
and its aqueous Solution are somewhat unstable, especially in the 
presence of alkalies; it decomposes easily into ammonia, water and 
nitrogen. 

A fm'ther characterLstic of hydroxylamine is its great reducing 
power; it precipitates reddish-yellow cuprous oxide from an alkaline 
copper solution at ordinary temperatures, even when strongly 
diluted; mercuric chloride, HgCl2, is reduced to calomel, Hg2Cl2; 
silver nitrate to silver, etc. 

The following reaction is also peculiar: A solution of ferrous sulphate 
h precipitated with an excess of sodium hydroxide and wanned; if 
hj'droxylamine (or one of its salts) is now added to the green ferrous 
hydroxide, red ferric hydroxide is formed very quickly, the hydrox- 
ylamine being reduced in this alkaline solution to ammonia. On acidify- 
ing, an acid solution of a ferric salt is obtained; if this is treated ^rith 
a hydroxylamine salt, it is suddenly decolorized because of reduction 
to ferrous salt, the hydroxylamine being now in the oxidized condition 
in the acid solution. 

Compounds of Nitrogen with Oxygen. 

Those included under this title are: nitrous oxide, N2O; niinc 
NO; nitrogen tripxide, or nitrous anhydride, N2O3; nitrogen 
dioxide, NO2, or ietroxide, N2O4, and nitrogen pentoxide, or nitric 
anhydride, N3O5. 

NITROtrS OXIDE, NjO. 

1 19* This compound cannot be obtained directly from its ele* 
the ordinary method of preparation consists in heating 
I anunonium nitrate to abou^ 250 ° : 


NH4N03=N20+2H20. 
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This method is analogous to that of preparing nitrogen from 
ammonium nitrite (§ 105). If the nitrate is heated above 250°, 
the gaseous product partially decomposes. 

Physical Properties.— Nitioua oxide is a colorless and odorless 
gas, wliicli when liquefied boils at -87° and solidifies at ~1(J2° 
The evaporation of the liijuid produces a great depression in the 
temperature, which may even reach -140° under reduced pressure. 
Its .specific gravity is 1,52 (based on air), or 21,89 for H=l. If 
X 2 O at 0° and 760 mm. pressure weighs 1.9657 g. It is rather 
soluble in water (1 vol. H 2 () dissolves 1.305 vol. X 2 O at 0®); hence 
it must be collected over hot water. In alcohol it is still more 
soluble. ^ 

Chmical Properties. — Xitrous oxide supports combustion, 
Phosphorus, carbon and a glowing splinter burn in it SlS in oxygen, 
A mixture of nitrous oxide and hydrogen explodes like detonating- 
gas when it is ignited, only not quite so loud. These properties 
might lead one to confuse it with oxygen on a superficial examina- 
tion. However, it is very easily distinguished from the latter by 
the fact that it gives no red fumes when mixed with nitric oxide 
{§ 120) and alwa 3 's leaves residual gas (nitrogen) after a combustion. 
A faintly burning piece of sulphur is moreover extinguished by 
nitrous oxide. 

Nitrous oxide is endothermic: 2N+0-N20= —17.7 Cal. 

Berthf.lot has made the general observation that endothermic 
substances can suffer an explosive decomposition; in this case this 
may be brought al^out by touching off the gas with fulminating 
mercury. It is easy to explain BerthkloPs observation. When 
an endothermic substance decomposes, heat is evolved. Now , we 
saw in § 12 that chemical reactions are accelerated in a very high 
degree by" rise of temperature. Suppose that a sudden decomposition 
is caused at a certain point in a mass of an endothermic compound. 
The heat given off raises the temperature of the surrounding mole- 
cules and they too split up suddenly, evolving still more lieat, 
and so on. The whole mass will thus reach a condition of sudden 
decomposition, that is, it will explode. To bring this about it is 
only necessary that the first impulse be vigorous enough for the 
sudden decomposition of so many molecules that the heat evolved 
is sufficient to raise the surrounding ones to the temperature oi 
decomposition. 
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Cmj>osition.—JJiideT the protracted action of induction sparks 
the gas splits up into a mixture of nitrogen and oxygen, the volume 
of ^^'hich is half again as great as that of the nitrous oxide. IMien 
potassium and sodium are burned in the gas, potassium and sodium 
oxides respectively are formed, together with nitrogen; the gas 
volume after cooling is unchanged, l^oth of these observations point 
to the same formula, N 2 O, and this is confirmed by the fact that 
the relative density of the gas, which should theoretically be 


2x14 + 16 
2 


= 22(H^1),. 


was found to be 21.89. 


NITRIC OXIDE, NO. 

120 . This gas is only obtained by the reduction of nitric or 
nitrous acid. The ordinary method of preparation is by allowing 
copper to act on nitric, acid or else by covering copper (in the form 
of thin sheets) with a saturated solution of saltpetre and adding 
concentrated sulphuric acid drop by drop (§ 127) : 

3Cu + SHNO3 = 3Cu (NO3) 2 -h 4 H 2 O + 2 NO. 

In this reaction the hydrogen, which would be expected to be 
given off, reduces another portion of the acid. 

In order to prepare nitric oxide by the reduction of nitric acid 
or a nitrate a boiling-hot solution of ferrous chloride, FeCl 2 , in 
hydrochloric acid is found very satisfactory; the ferrous chloride 
is converted into the ferric chloride, FeCls, by the reaction: 


HN03+3FeCl2+3HCl-3FeCl3+2H20 + N0. 


Perfectly pure nitric oxide is obtained by treating a mixture of yellow 
prussiate of potash and potassium nitrite with acetic acid: 



+4KC,H302+2H20+2NO. 
Pot. acetate. 


Physical Properties . — Nitric oxide is a colorless gas, w’hose 
spetdfic gravity has been found to be 1.039 (air = l). It can be 
condensed to a blue liquid, which boils under ordinary pressure at 
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-153.6°. The critical temperature is -93.5°, tlie critical pressure 
71.2 atm. It is not very soluble in water, but dissolves easily in a 
solution of ferrous sulphate, FeS 04 ; strange to say, this solution is 
quite dark brown in color, although the ferrous salt solution is pale 
green and nitric oxide colorless. It is probable that this brown 
color is due to the formation of a complex ion of Fe and NO. 

Chemical Properties.— It is characteristic of this gas, above all 
other properties, that it combines with oxygen immediately, 
forming nitrogen dioxide, a reddish-brown gas. 

At red heat nitric oxide is converted into the dioxide and 
nitrogen. On heating it with hydrogen no explosion occurs; the 
mixture bums with a wliite flame, forming water and nitrogen. If 
burning phosphorus is introduced into the gas, it continues to burn, 
a lighted candle is, however, extinguished ; sulphur and charcoal do 
not bum in it either. A mixture of nitric oxide and carbon disul- 
phide burns with an intensely luminous blue flame, that is very 
rich in chemically effective rays. 

Nitric oxide is a strongly endothermic compound; it can be 
made to explode by fulminating mercury (§ 119). 

Composition .— sodium is heated in contact with a measured 
amount of nitric oxide, sodium oxide and nitrogen arc formed; the 
latter takes up exactly half the volume of the original gas. The 
specific gravity of nitric o.xidc is 15 (H=l), hence its rnglecular 
weight is 30. According to the above decomposition the gas con- 
tains one atom of nitrogen (14 parts by weight). There remain 
for the oxygen, therefore, 16 parts by weight, i.e. just one atom. 
Hence the formula is NO, * 

Since nitrogen is trivalent or quinquivalent (the latter in ammonium 
salts, e.g. NH^Cl) and oxygen is bivalent, it must be assumed that there 
is a free valence bond in NO, i.e. -N =0. The same applies to NOy 
Free bonds like these are very rare. 

Nitrous Anhydride, ^202. 

131. This compound is only known at low temperatures. It 
obtained as a blue liquid when nitric oxide is led into the liquid tetroxi'k, 
at -2i®. In the solid state it is pale blue and melts at -Hi 
to a dark-blue liquid. In the gaseous state the compound dissoe 
almost completely, even at a low temperature, into NOj and NO. Fy 
the action of arsenious anhydride, AsjOg, on nitric acid (sp. g, IH) ^ 
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gas mixture is formed which has almost exactly the composition N 0 
j.e.X02+X0. ' ** 

NITROGEN DIOXIDE AND TETROXIDE, NO^ AND N^O,. 

122. Nitrogen dioxide is formed from nitric oxide plas oxygen, 
or more conveniently by heating well-dried lead nitrate; 

Pb(N03)3-Pb0+0+2N02. 

When so prepared it is a very deep-bro\\Ti gas. On leading it 
into a strongly cooled vessel it condenses to a bright-yellow liquid, 
which solidifies at -20® to colorless crystals, that melt at -12°! 
The color becomes darker on warming and at +26® the liquid 
begins to boil, changing back again into the brown gas. The 
vapor density of this gas at 26° is found to be 38.0, while that cal- 
culated for N2O4 is 4o.9 and that for NO2 22.9 (H==l). Since 
the value found is between the two, it may be assumed that at this 
temperature the vapor consists partly of N2O4 molecules and partly 
of XO2 molecules. A simple calculation indicates the percentage 
of the former to be 34.4%. As the temperature rises, the vapor 
density steadily decreases till about 150° is reached, when it becomes 
constant at 22,9. There is evidently complete dissociation of N2O4 
molecules in this case, 

^204<=^2N02, 

1 vol. 2 vols. 

and, iifemuch as the color of the gas grows darker, we must sup- 
pose that NO2 is dark brown, while N2O4 is colorless, which is true 
of the latter in the solid state. This supposition is supported by 
the fact that not only can the degree of dissociation be estimated 
from the intensity of the color, but that it can even be measured 
cfuantitatively in this way, 

According to § 51 the equilibrium between tbe two gases is 
^^pressed by the equation 

P-x=hx^, 

^'hore P is the total pressure of the gas mixture and x that of the 
dioxide, k being a constant. From this equation it follows that 

dissociation (at a constant temperature) depends on the pres- 
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sure (§ 51 ), which has been shown to be the, case. This also fgl. 
low.s from the theorem of Le Chateliek (§ 102 ). 

On bringing nitrogen tetroxide in contact with water or, better 
wnth alkalies, nitrous and nitric acids are formed; we may therefore 
consider itasa mixed anhydride of these two acids: 


\TA 

5 > 0 + H2O = n()2 ■ oh + xo ■ oh. 

Nitric acid. Nitrous acid. 

Both XO2 and X2O4 possess strong oxidizing power; many 
substances burn in their vapor; they precipitate iodine from solu- 
ble iodides. 

The composition of nitrogen dioxide follows from its synthesis- 
equation, 2NO + O2, and from the vapor density. 

Nitrogen Peutoxide, N2O5. 

123. This compound can be obtained by the action of chlorine on 
silver nitrate or by distilling fuming nitric acid with phosphorus pent- 
oxide: Jt is a colorless crystalline solid. It melts at 30 ^ and at 45 - 50 ^^ 
brea^p, giving off brown fumes. If the heating takes place rather 
the decomposition is explosive in nature ; sometimes a spon- 
taneous explosion takes place, hence it can not be kept long, f 

Ai nitrogen peiitoxide is strongly endothermic, its spontaneous 
explosion must be explained in the same way as is indicated in § 119 . 
Only ve must conclude in this case that the decomposition at ordin.^r}’ 
temperatures is vigorous enough to sufficiently heat the neighboring 
molecules. 

It unites with water, forming nitric acid with the evolution of much 
heat. As might be expected, it has strongly oxidizing properties. Phos- 
phorus and potassium, for instance, burn with great brilliance in the 
slightly warmed anhydride. 

The composition of nitrogen pentoxide is ascertained by heating with 
krmuhK 0^^"' nitrogen evolved corresponds to the 


Oxygen Acids of Nitrogen. 

IT nitrogen are known: hyponiirons odd. 

H2N2O2; mtrom acid, HNO2; nitric acid, HNO3. The nitrou-^ 
acid IS known only in dilute aqueous solution, but both of the othei^ 
are known in the pure state as well 

Only certain ones of the above nitrogen oxides can be regarded 
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as acid anhydrides. The pentoxide is undoubtedly one and the 
tftroxide' may be considered as a mixed anhydride of nitric and 
nitixi^s acids (§ 122). Nitrogen trioxide gives a solution of nitrous 
arid when mixed with water at a low temperature; hoNvcver^ this 
solution undergoes a decomposition slowly at ordinary, more rapidly 
at higher, temperatures, nitric acid and nitric oxide being formed: 

3HN02=HN03+2NO+H20. 

. Xo acid corresponding to nitric oxide, XO, is known, and also 
none to nitrous oxide, N2()j although hyponitrous acid lias the 
formula N20-f H20==H2N202 and can also really yield nitrous 
oride. However, no one has yet been able to obtain hyponitrous 
arid from nitrous oxide and water. 

Hyponitrous Acid, HjNjOj. 

125. This acid is formed when nitrogen trioxidc is introduced into a 
methyl-alcoholic solution of hydroxylaraine. After neutralization the 
difficultly soluble yellow silver hyponi trite, Ag2X202, can be precipitated 
from the solution by silver nitrate. From this salt the free acid is 
obtained by treating it with ether saturated with hydrochloric acid gas 
and evaporating the ether, whereupon it is left in the form of white 
flaky crystals. These are very explosive and dissolve very easily in 
water. The freezing-point depression of the aqueous solution shows 
that the molecular formula is H^XjOj. On w^anning the aqueous solu- 
tion the acid breaks up almost w’holly into nitrous oxide and w’ater. 
When the acid is set free (by the addition of an excess of silver hyponi- 
trite to cold dilute hydrochloric acid) it does not liberate iodine from 
potassium iodide at once; the reaction is delayed for a time, probably 
oil account of a decomposition, by which nitrous acid is formed. 

Hyponitrous acid belongs to the class of weak acids; its aqueous 
solution is a poor conductor. Both neutral and acid salts of this acid 
3re known. 

NITROUS ACID, HROj. 

126. It was remarked above that this acid is only known in 
dilute solution at ordinary or low temperatures ; its salts are, how- 

stable. In order to prepare them we usually employ potas- 
sium or sodium nitrate, which gives off oxygen when heated and 
is converted into nitrite. This decomposition takes place more 
tcadily if lead is added during the heating as a reducing agent: 

2KN03=2KN02+02. 
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Its salts are all easily soluble in water, with the exception of 
silver nitrite, AgXOg, which is rather difficultly soluble at ordinary 
temperatures; it is obtained as a yellow crystalline precipitate, when 
not too dilute solutions of silver nitrate arc mixed with a nitrite. 

The addition of strong sulphuric acid to a nitrite at once pro. 
duces red fumes; in this wa}^ a nitrite can be distinguished from 
a nitrate, for the latter does not produce them. It may be assumed 
that in this reaction free nitrous acid is primarily formed; this 
lioM‘ever, broken up directly into water and nitrogen trioxide, the 
latter of which at once splits up again into NO2+NO; thereupon 
the nitric oxide unites immediately with the surrounding oxygen 
to form dioxide. The red fumes thus consist solely of nitrogen 
dioxide, XO2. 

On treating a very dilute nitrite solution with the equivalent 
amount of sulphuric acid a dilute solution of free nitrous acid h 
obtained. This solution can act either oxidizing or reducing. As 
examples of the former action we have the liberation of iodine from 
a solution of potassium iodide, the oxidation of sulphurous acid in 
dilute solution to sulphuric acid, the oxidation of ferrous sul- 
phate, Fe-SO^, to ferric sulpliato, Fe2(S04)3, and the conversion of 
the yellow to the red prussiate of potash. In all of these cases lower 
oxides of nitrogen, chiedy nitric oxide, are fomied. An exuni])le 
of its reducing action (in which nitrous acid is oxidized to nitric 
acid) is the 1)1 caching of potassium permanganate, KAIn04, in sul- 
phuric acid solution: 

2 KMn 04 4 - + 3H2SO4 = K2SO4 F 2 MnS 04 + 5HNO3 +3H2O. 

This lust reaction offers a means of determining quantitatively 
(volumetrically, see § 93 ) the strength of a dilute solution of nitrous 
acid. 


NITRIC ACID, mOy 

127. This is the best known acid of nitrogen. It is manufac- 
tured on a large scale, since its uses are many and varied; in the 
organic dyestuff industry, for example, large quantities are employed., 
The commercial process of manufacture depends on the decom- 
position of Chili saltpetre, NaN03, by strong sulphuric acid: 

NaNOs + H2SO4 - NaHSOi + HNO3 

It is carried out in the following way: 
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In the castriron retort (C, Fig. 39), saltpetre and sulphuric acid 
(chamber-acid) are mixed in proportions corresponding to the above 
equation, a slight excess of sulphuric acid, however, being added 
because this makes’ the residue easier to remove from the retort. 
The retort is connected with a row of earthenware bottles {EE') 
containing a little water. These receive the distilled acid. The 
last bottle connects with a coke tower through which water Is 



Fig. 39. — Manufacture of Nitric Acid. 


trickling down to dissolve the iincondensed acid vapor. By this 
process a liquid of a specific gravity of 1.35 and containing 00% 
acid is obtained. If the saltpetre is previously dried and concen- 
trated sulphuric acid is used, a nitric acid of sp. g. 1.52 and almost 
100% pure can be obtained. 

In some cases two molecules of saltpetre are used to one of 
sulphuric acid. If heat is moderately applied, the reaction pro- 
ceeds according to the above equation, hut on heating to a higher 
temperature the acid sodium sulphate that is formed acts on the 
second molecule of nitrate, also forming nitric acid: 

NaNOg + NaHS04 = Na2S04 + HNOg . 

A large part of the nitric acid, however, dissociates at the same 
lime as follows: 

2HNO3-2NO2+H2O+O. 

The N02-fumes dissolve in the distillate. The liquid thus 
obtained is red and its specific gravity is 1.52-1.54; it fumes 
strongly in the air and is known as ''red fuming nitric acid” 
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For some years the distillation of saltpetre with sulphuric arid 
has been carried on in a vacuum. The yield of acid in such a case 
approaches closely to the theoretical and the product obtained is 
entirely free from nitrous fumes. The latter result is also ac- 
complished by the use of a tube condenser (Hart) instead of 
bottles. 

Nitric acid is formed in small amounts in certain processes of 
burning in the air, e.g. when hydrogen is exploded with air, when 
sparks pass through moist air for some time, in the combustion of 
ammonia, etc. Rayleigh has shown that nitrogen is combustible. 
On moving towards each other in the air two platinum points 
having a potential difference of 200CF4D00 volts Muthmax:^ 
observed a flame between them instead of a spark. The air, i.e. 
the ’ nitrogen, burned vigorously with the formation of nitrous 
and nitric acids. Recently the attempt has been made to manu- 
facture the latter acid in this way. The reason why the flame does 
not spread farther over the earth and the earth is not flooded 
with nitric acid lies in the fact that the kindling-point is far above 
the temperature of the flame. 

Nitric acid also results from the action of certain sorts of bac- 
teria, which ser\^e as conveyers of oxygen, when nitrogenous 
organic substances are left exposed to the air in contact with 
basic substances, such as lime; this was formerly the method of 
preparing saltpetre on a large scale. 

PhjHcal Praperries.— Absolute nitric acid, i.e. the compound 
HXO 3 in the pure state, is prepared by distilling the nearly pure 
acid of commerce (sp. g, 1.5) with concentrated sulphuric acid 
in vacuo. The liquid distillate has a specific gravity of 1,559 at 
0° and becomes solid at —40°; it boils under ordinary pressure 
at 86 °, but with partial decomposition, 

Ckemicol pToperties . — Nitric acid, especially when pure, is a 
rather unstable compound; at ordinary temperatures it is decom- 
posed by sunlight to a slight extent, turning yellow on account 
of the small amount of nitrogen dioxide formed, At an elevated 
temperature the acid also breaks up, decomposition into nitrogen * 
dioxide, water, and oxygen being complete at 260° 

When strong nitric acid is subjected to repeated distillation under 
atmospheric pressure, its boiling-point gradually rises, while the ..cid 
becomes proportionately weaker, until finaUy a 68 % acid is obtaiuod, 
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boils constant at 120.5°, The same mixture is obtained when 
one starts with dilute acid and distils it. In both cases the boiling- 
point of the original liquid is lower than that of the product; it rises 
during the boiling to a maximum at 120.5°. We have here, therefore 
the case of a liquid mixture with a maximum boiling-point, which is 
(jiscus-sed in Org. Chem., §22. The mixture of hydrogen chloride and 
water also has a maximum boiling-point (110°). 

Xitric acid is very extensively ionized in aqueous solution; 
it Ls one of the strongest acids known. 

When it comes in contact with metals, the salts of nitric acid 
(nitrates) are formed, but without any evolution of hydrogen, 
since part of the acid present is reduced by the nascent hydrogen. 
The nitrates are all easily soluble in wmter. The action of nitric 
acid on the metaLs is not the same in all cases. It does not attack 
gold or platinum. Silver, mercury, and copper are only imper- 
ceptibly dissolved at ordinary temperatures, but on warming they 
dissolve with the evolution of nitric oxide, 'this and the other 
NO-compoimds are powerful catalyzers in the dissolving of the 
above-named metals, for nitric acid which is perfecty free from 
them does not dissolve these metals, while the reaction immediately 
begins as soon as a little of these substances is added. It may be 
supposed that on warming nitric acid traces of XO-compounds 
are foimed, which together with the elevation of the temperature 
accelerate the reaction. Iron, zinc, and magnesium reduce nitric 
acid to nitrous oxide and even to ammonia. L nder the action of 
iron filings and dilute sulphuric acid the reduction of nitric acid 
to ammonia in dilute solution is quantitative. There are also 
various denitrifying bacteria known, Bac. pyocyaneus being the 
best studied of them. 

Xitric acid frequently acts as a powerful oxidizing agent, 
especially at an elevated temperature If sulphur Is boiled with it, 
the sulphur is converted to sulphuric acid, similarly phosphorus to 
phosphoric acid. A glowing piece of charcoal dropped upon the 
concentrated acid continues to burn Avith a bright glow. In all 
tee cases the highest oxidation stages are formed. Nitric acid 
is used particularly in the organic branches of chemical industry. 

The composition of nitric acid can be deduced from that of its 
^JiKydride. A weighed amount of the latter Is introduced into 
nitric acid is formed, which is neutralized with baryta 
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water. By evaporation it is possible to determine how many parts 
by weight of barium oxide^ BaO, combme with the anhydride. It 
is found that 153.2 parts ( = IBaO) combine with 108.08 parts 
( = 1 X 205 ) of the anhydride; the formula of barium nitrate thus 
becomes Ba{N 03 ) 2 j hence that of nitric acid itself must be HXOj. 

Derivatives of the Nitrogen Acids. 

128. In discussing the manufacture of sulphuric acid (§ 86 ) 
we already referred to the chamber crystals, H 8 O 5 X. They are 
formed in the lead chambers in ca.se not enough steam is supplied. 
The following equation expresses the action that takes place: 

2S02+X204+0+H20=2S05XH. 

The ordinary method of preparing this substance is by conduct- 
ing carefully dried sulphurous oxide into cooled fuming nitric acid: 

SO 2 + HXO3-SO5XH. 

The crystalline mass obtained is spread out on porous earthenware 
to allow the adhering liquid to be absorbed. 

Ihe chamber crystals have the appearance of a coarse crystal- 
line, colorless mass; they melt at 73°. They are at once decom- 
posed by water into sulphuric and nitrous acids: 

SO5XH + H2O = H28O4 + HNO3. 

For this reason the compound is considered as the mixed anhf 
dndc of sulphuric and nitrous acids. According to S 90 the struc- 
OH ” 

ture can be ascribed to sulphuric acid; to nitrous acid the 

structure KO-NO, since a hydroxyl group is assumed (§ 129) to 
exist in It. For the chamber crystals we therefore have 

OH 

Chamber crystals. 

Since the atomic group NO is known as nitrosyl, the rational ^ 
name for the compound is nitrosyl sulphuric arid. 
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Concentrated sulphuric acid dissolves nitrosyl sulphuric acid 
without change. This solution is very stable; it can be distilled 
without decomposition. It is formed in the Gay-Lussac tower of 
the sulphuric acid factory and is called “nitrated acid” or 
“nitrous vitriol” On dilution with water this solution is not 
altered until its specific gravity reaches 1.55-1.50 (51M8°]L); 
thou the nitric oxides begin to escape, especially when warmed. 
Water and sulphurous oxide act on the nitrated 'acid, producing 
the following reaction: 

2SO2 < + 2H2O + SO2 = 3SO2 < OH+ 2NO. 

This action takes place in the Glover tower. 


It is of great importance industrially to be able to determine the 
amount of nitrogen that the nitrated acid contains. This can be done 
.a.s follows: The acid is agitated with mercury, whereupon all nitrogen 
(‘om{)oiinds in solution are given off in the form of nitric oxide, and 
the gas evolved is measured. Another method consists in decomposing 
the nitrated acid with a largo excess of \vater and titrating the resulti)ig 
iiitrous acid with ]Xirmanganatc (§ 120 ). 


129. Nitrosyl chloride, NOCl, is a reddish-yellow gas at ordi- 
nary temperatures; by cooling it can be condensed to a red liquid, 
that boils at —5.6°, The melting-point lies at —61°. This com- 
pound is. formed by the direct combination of nitric oxide and 
chlorine. Bone-black is a good catalyzer of this reaction, making 
this method of preparation a very satisfactor}^ one. Another 
method is that of carefully warming chamber crystals with thor- 
oughly dried sodium chloride: 


S02<Qg^i-NaCl=S02< 


ONa 

OH 


+NOC1. 


Xitrosyl etfioride is broken up by w^ater into nitrous and hydro- 
chloric spids: » 

NOCl + H2O = NO • OH + HCl ; 


hence if may be regarded as the chloride of nitrous acid (§ 130). 
On mixing hydrochloric acid with nitric acid a liquid is pro- 
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duced which, in addition to these two acids, contains chlorine and 
nitrosyl chloride: 

HNO3 + 3 HC 1 = 2H2O + NOCl + CI2. ■ 

This liquid (in virtue of the free chlorine it contains) dissolves 
the precious metals, including gold, the “king^' of the metals, and 
therefore bears the name aqua regui. It was known even to the 
alchemists, particularly Geber, who prepared it by dissolving sal 
ammoniac, NH4CI, in nitric acid. 


OTHER NITROGEN COMPOUNDS. 

130, In organic chemistry acid derivatives are known which are 
formed through the substitution of the hydroxyl group by a halogen 
atom or the amido group, The former class are called acid 

chlorides, the latter amides. Of the inorganic acid chlorides 
we have already become acquainted with those of sulphuric acid (§ 90 ). 
Nitrosyl chloride is also an acid chloride. A few inorganic acid amides 
will now be discussed briefly. 

By the action of ammonia gas on a solution of sulphuryl chloride in 
chloroform there is formed among other things sulphamide, S02(NH2}2. 


jCi + Hl NHa NnHj 

This compound forms large colorless crystals tliat are very soluble in 
water and melt at 81 °. It is transformed by alkalies into an amido- 
OH 

sulphonate, SOj < . This acid is very stable, is slightly soluble in 

water, and crystallizes in colorless rhombh; prisms. 

Potassium sulphite and potassium nitrite interact to form a crystal- 
line precipitate; this compound, to which is given the formula N(SO;|K)3 
+2H2O, is regarded as ammonia in which three hydrogen atoms are 
replaced by sulpho groups (SO3K) : 

KNOj +3K2SO3 + 2H2O =N(S 02 K) 3 + 4 KOH. 

It is knowm as potassium nitrilosulphonate. On boijing it for a 
short time with water, or better, by letting it stand for a day moistened 
with dilute sulphuric acid, it forms potassium imidosulphonate: 

+ HjO =NH(SOsK)2 +KHSO*. 
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H the boiling is continued for a long period, anudosulphonic acid is pro- 
duced: 

N (SOgK), + 2H2O = NH2SO3H + KjSO, + KHSO,. 

Similar derivatives of hydroxylamine are also knoAvn, The potassium 
salt of hydroxylamine-disulphonic acid, H0-N(S03K)2+2H20, is formed 
when solutions of acid potassium sulphite and potassium nitrite are 
mixed: 

KNO2 +2KHSO3 ^HONlSOgK)^ pKOH. 

By boiling this compound with water hydroxylamine is set free: 

II0N(S03K)2 +2H,0 =H0NH2 +2S0,KH. 

The amide of nitric acid, nitramide, NH3-NO2, has so far been obtained 
only from an organic compound, nitro urethane, NOjNH'COjCoHj. 
This amide appears in colorless crystals that melt at 72° with decom- 
position. The aqueous solution reacts strongly acid. It is a very 
unstable substance, decomposing on being mixed with copper oxide, 
powdered glass or the like. It is immediately broken up by alkalies 
and even by sodium acetate at ordinary temperatures, nitrous oxide 
and water being formed in the latter case. 


PHOSPHORUS. 

13 1. Phosphorus does not occur free in nature, inasmuch as it 
combines very easily with oxygen. Nevertheless salts of phos- 
phoric acid are widely distributed and occur in large quantities. 
Tricalcium phosphate, Ca3(P04)2, phosphorite, is found in large 
deposits; other phosphates which are frequently met with are: 
opatiie, 3Ca3(P04)2-l-CaCl2 (or CaF2); wavellite, 4AIPO4+ 
2A1(0H)3-|-9H20; and vivianite, Fe3(P04)2 + 8H20. Phosphates 
arc also found to a small extent in granite and volcanic rocks; 
when these decay they enter the soil. About 0.1% phosphates 
{calculated as P2O5) is present in soil of average fertility. Bones 
coTitain a considerable proportion of tricalcium phosphate. 

Phosphorus has been known for a long time. In 1674 the 
alchemist Brand discovered it at Hamburg by evaporating urine 
an<l heating the residue with sand in an earthen retort. Scheelb 
prepared phosphorus from bones by a process which in the 
is still employed. 
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For the mnmifacture of phosphorus bones or phosphorite are 
used. By treatment with sulphuric acid gypsum and monocalcium 
phosphate are formed. As the latter remains soluble while the 
former is precipitated; the phosphate solution is readily poured off. 

Ca3(P04)2+2H2S04-2CaS04+CaH4(P04)2. 

Gypsum.^ 

On being heated this phosphate loses water and is converted into 
calcium metaphosphate: 

CaH4(P04)2=Ca(P03)2d-2H20. 

The latter is then mixed with coal and sand and exposed to the 
heat of the electric arc, whereupon phosphorus distils over; 

2Ca(PO3)3+2SiO2 + 10C=2CaSiO3 + 10 CO+ 4 P. 

Before the bones are user! they are subjected to various preliminary 
operations. In some cases the fats are first extracted (with benzine)* and 
then treated with high-pressure steam, ^vhereby the organic portion (the 
cartilaginous matter) is converted into glue. The residue consists almost 
wholly of calcium phosphate and carbonate, and is worked up into phos- 
phorus as above explained. 

In other instances the bones are subjected to a dry distillation, from 
which “Bippel’s animal oil" is obtained, containing a number of impor- 
tant organic bases. That which remains in tht retorts is bone-black 
(animal charcoal), which is used in large quai^es in sugar factories 
to decolorize the sugar solutions, After it is nc longer of use for this 
purpose, the animal charcoal is burned in the air, the carbon being con- 
sumed and white bone-ash remaining. This bonc-ash is then sent to the 
phosphorus factory. 

The phosphorus thus obtained is black because of adhering 
particles of charcoal and contains still other impurities. It can 
be purified by fusing it under water and pressing it through chamois; 
this process is usually preceded by a washing with a dilute solution 
of sulphuric acid and potassium dichromate, whereby the impurities 
are oxidized out. Finally the phosphorus is cast into sticks and in 
this form enters the market. 

132. Physical Properties. — ki ordinary temperatures phos- 
phorus is a cryitalJine solid of a light yellow color and having a 
specific gravity of 1.83 at 10°. When cold it is brittle on account 
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)f its crystalline texture; above 15° it becomes soft and waxy and 
nclts at 44.4° to a yellow^ strongly refractive liquid. Its boiling- 
)omt is 290°; it then turns to a colorless vapor. In the sunlight 
1 1)ccomes yellow and coated with an opaque pink layer. Phos- 
iliortis is insoluble in water, slightly soluble in alcohol and ether, 
jut easily soluble in carboy disulphide, from which it crystallizes 
[r crystals of the regular system. 

The vapor density of phosphorus at temperatures between 515° 
and 1040° is 4.58-4.50 (air=l). Its molecular weight is there- 
fore 123.84. Inasmuch as the smallest amount of phosphorus that 
is found in one gram-molecule of any of the numerous phosphorus 
compounds investigated is 31 g., this number therefore represents 
the atomic weight of the element; hence the molecule must consist 

Qf atoms. Between 1500° and 1700° the vapor density 

3l 

decreases considerably, but does not quite reach the value corre- 
sponding to P2 molecules. By the cryoscopic method also (§ 43) 
it has been found that the molecule of phosphorus consists of 
four atoms at ordinary temperatures. 

133. Allotropic Forms. — Ordinary, or yellow, phosphorus can 
be transformed by heating to 250°-300° (in absence of air, neces- 
sarily) into a reddish-brown powder, red phosphorus. Iodine 
h an accelerator of this process, so that a very. small quantity makes 
it possible for this tradition to take place even below 200°. 
pliosphonis is manufac^j^d on a large scale by heating the yellow 
form in sealed iron c^inders for a few minutes at 250 -300 . 
After cooling, the product is treated with carbon disulphide and 
■^'ith caustic soda in order to extract the unchanged yellow phos- 
phorus. 

Red phosphorus is considerably different in its properties from 
the \t11ow form. It is not poisonous, wliilc the latter is very 
^ucii so. Red phosphorus is unaffected by the air. Its specific 
gravity is 2.106; it is insoluble in carbon disulphide. ^ Retgkrs 
has shown that it is in part crystalline. Moreover it is odorless 
^vhip) yellow phosphorus gives off a peculiar^ odor because 0 
Ihe formation of ozone (§ 36). MTien heated in the air, it does 
ignite till a temperature of 260° is reached. On the whole it 
is fhcinically much less active than yellow phosphorus. 

The yellow modification can be kept for an unlimited pen 
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at ordinary temperatures j nevertheless it must be regarded as an 
unstable, or, rather, metastable, form, just like “detonating-gas,” 
for at an elevated temperature (the higher, the faster), both pa® 
over into more stable forms with the evolution of heat. The 
relative stability of the yellow phosphorus is merely a consequence 
of the extraordinarily small velocity Avith which the transfor- 
mation into the red form takes place at ordinary temperatures, 
notwitlistanding that the caloric effect of the change is consider- 
able, viz., 32 Cal Even at 200° molten phosphorus does not 
pass over into the red modification Avith a perceptible velocitv, 
The presence of a catalyzer is necessary to make the velocity 
appreciable (§25). Yellow^ phosphorus can be regained from 
the red form by distilling the latter and cooling the vapor rapidly. 
It is a general rule that a substance Avhich is capable of existing 
in different forms appears in the least stable one first. No,v. if 
the temperature is 1oaa\ the velocity of transformation of the yellow 
form is so small that it seems perfectly stable. 

Recently still another modification has been discovered, the scarlet 
phosphorus. It is obtained by dissolving yelloAV phosphorus in phos- 
phorus tribromide and boiling this solution. The neAV modification 
separates out as a very finely divided amorphous fWAvder. The f Bos- 
phorus tribromide adheres to it Avith great tenacity and can only be 
removed by boiling with water. The poAA^der, thus purified, still con- 
tains phosphorous acid. Like red phosphorus, the scarlet form is not 
poisonous. It is perfectly stable in the air but reacts much more Adgor' 
ously than red phosphorus. For instance, it immediately precipitates 
copper from a solution of copper sulphate, and Avith alkalies it causes 
a rapid evolution of PHj, itself dissolving Avith the formation of hy|)0* 
phosphite. It is possible that it Avill prove useful in the manufacture 
of parlor matches, i.e., matches requiring no special ignition surf.ate. 

134 . Chejnical Properries.— -Phosphorus has a great affinity for 
many elements: it combines directly Avith all elements ext'cpt 
nitrogen and carbon, the combination occurring with great vigor 
in many cases, ^.g, when phosphorus is brought in contact Avith 
sulphur or bromine. Certain compounds of the metals (jB^s* 
phides) are known, which are called phosphor bronzes (§ I'l®* 
Especially characterisric of phosphorus is its very strong affifdty 
for oxygen; yellow phosphorus takes fire in the air at 40°. so 
that contact with a hot glass rod is sufficient to ignite it. 
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burning is accompanied by a vigorous evolution of light and heat, 
phosphorus pentoxide, P 2 O 5 , being formed. On account of this 
strong affinity for oxyg*en phosphorus is a powerful reducing-agent. 
Sulphuric acid, when warned with it, is reduced to sulphur dioxide; 
concentrated nitric acid oxidizes it with explosive violence; dilute 
acid evolves nitrous fumes, oxidizing the phosphorus to phos- 
phoric acid. Many metals are precipitated by phosphorus from 
their salts, phosphides being formed to some extent. Silver 
nitrate, for instance, gives silver and silver phosphide, AgsP, with 
phosphorus; on warming phosphorus T\ith a solution of copper 
sulphate copper phosphide, CU 3 P 2 , is deposited. 

135 . The slow oxidation of phosphorus by oxygen at ordinary 
temperatures is accompanied by the emission of a bluish light. 
This luminosity of phosphorus is very plain in the dark. 


This phenomenon is due to various circumstances, some of whi(^ 
are very mysterious. The oxidation, and hence the luminosity, is 
prevented by the presence of traces of certain substances, such as hydro- 
carbons, ammonia, etc. Further, the luminosity depends on the tem- 
perature; below 10*= it is extremely weak. The gas pressure has a 
peculiar influence; at ordinary temperatures phosphorus does not emit 
light in pure oxygen of atmospheric pressure, but if the pressure is 
reduced, a point is reached at which luminosity commences; this is at 
666 mm. for 15°, and 760 mm. for 19.2°. The oxidation is there- 
fore more vigorous in dilute oxygen (i.e. oxygen mixed with another 
gas, such as nitrogen) than in concentrated. Van Marum obsemd 
as early as 1798 that a piece of phosphorus laid on wadding (which 
serves as a poor conductor of heat) in a closed vessel shines t e mo e 
brightly as the oxygen is pumped out, and may even take fire m very 

dilute gas. . 1 j 

The fact that oxidations are more energetic under reduced oxygen- 
pressure has been observed in many other cases. Some o t ese or 
instance, the oxidation of acetaldehyde to acetic acid) are simple enoi^h 
to he studied quantitatively, and it has been found that t e reae ion 
velocity is proportional to the square root of the pressure of the oxygen. 
This can be explained by the supposition that the ox*en 
»Plit up to a very small extent into their atoms and that ® 

lanse the oxidation. The equilibrium that must then exist 
tie atoms and molecules of the oxygen and is represented by 
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is mathematically expressed by the equation 

C(02)=A:-C2(0), 

where C( 02 ) is the concentration of the moleculeg, C(0) that of the 
atoms, and k a constant. From this vnuation we have 

i 

C(0)=A:'i^C(02). 

/ 

The concentration of the oxy^n molecules can be regarded as propor- 
tional to the total pressure, che quantity of 0-atoras being anyhow very 
small; hence the second equation also shows that the concentration 
of the oxygen atoms is proportional to the square root of the pressure, 
as experiments demonstrated. 

Detection o[ Phosphorus, ^Voisonings by yellow phosphorus 
occur now and then. In order to detect it in such cases, use is 
made of its luminosity. For this purpose the contents of the 
stomach, which are to be tested for phosphorus, are diluted uiih 
water in a distilliiig-flask, connected with a condenser by a tub 
doubly bent at right angles. On heating the flask water distils 
over with a little phosphorus vapor; if the whole apparatus is 
placed in a dark room, a luminous ring is noticed during tliis 
distillation at the place where the steam is condensed, i.c. where 
the phosphorus vapor comes in contact with air in the con- 
denser. The distillate contains phosphoric acid (Mitscherlich’s 
test). 

f7se,— Phosphorus is used chiefly for the manufacture 
of matches. Matches of the old sort arc prepared by dipping 
the ends of the sticks first in molten sulphur and then in a paste 
consisting of gum, an oxidizing-agenfc (e.g. manganese dioxide) 
and yellow phosphorus. By rubbing them on a rough surface 
enough heat is generated to set them afire. These matches are 
not only very poisonous on account of the yellow phosphorus the}' 
contain but also very inflammable. Moreover, their manufacture 
is very injurious to the health of the workmen. For this reason ia 
some countries (e.g. in Germany and the Netherlands) their manu- 
facture is prohibited by law. They are being gradually dis* 
placed, especially in European countries, by the Swedish 
safety matches, which lack this defect. In them the iicad 



136 .] C 0 M? 0 V}iD 8 OF PHOSPHORUS AND HYDROGEN, 199 

consists chiefly of fl. mixture of potiissiuni chlorate 3 <iid Antimony 
sulphide. They are lighted by striking them on a surface coated 
with some red phosphorus. To be sure, their use has the dis- 
advantage of requiring a special ignition surface, but this on the 
other hand excludes the possibility of ignition by accidental fric- 
tion. See also § 133 . 


Compounds of Phosphorus and Hydrogen. 

Tliere are three compounds of phosphorus and hydrogen known: 

(1) gamus hydrogen phosphide, PHg (also called phosphine); 

(2) liquid hydrogen phosphide, P2H4; and ( 3 ) solid hydrogen phos- 
phide, (P2 H)x. 

HYDROGEN PHOSPHIDE. PHOSPHINE, PHj. 

136. This compound can be prepared from the elements by 
bringing phosphorus together with zinc and dilute sulphuric acid, 
i.e. with nascent hydrogen; when thus prepared, it is mixed with 
a large quantity of hydrogen. 

It is obtained perfectly pire by decomposing phosphonium 
iodide, PH4I (see below) ; this substance, when treated with w’ater 
or caustic potash, breaks up into phosphine and hydrogen iodide; 
the former passes off, while the latter stays in the liquid. 

The generation of hydrogen phosphide by heating phosphorous 
and hypophosphorous acids is another example of its formation by 
the direct decomposition of phosphorus compounds: 

4H3P03-PH3-h3Il3P04. 

Phosphorous Phosphorio 

acid, acid. 

The ordinary method of preparation is by the action of phos- 
phorus on caustic potash: 

P4-I-3KOH+3H2O = PH3+3H2KP02. 

Pot. hvpophos- 
phite. 

The reaction is really more complicated than this equation indicates, 

in addition hydrogen, P,H. and other substances are formed. (See 

also §144.) 
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By rsasoD of the pr6S6ncG of g&soous B 2 Hjj which is S 6 lf'~iiifldFnini 3 .blQ^ 
each bubble of gas ignites as it breakes into the air, forming usually a 
smoky rhig of phosphorus pentoxide (Fig. 40). On account of this 



Fig. 40.— Peeparation of Hydrogen Phosphide, 


inflammability the vessel in which the gas is generated from phosphorus 
and caustic potash must be as full of liquid as possible. Moreover, the 
delivery-tube (preferably with a wide mouth) must open in warm water, 
in order that it may not become clogged with particles of phosphorus 
carried over. By passing the gas through hydrochloric acid or alcohol, 
the hydrogen phosphide is freed from PjH^ and is then no longer spon- 
taneously combustible. 

No method of producing hydrogen phosphide by the action 
of hydrogen on phosphorus compounds is known; however, 
have one by the interaction of hydrogen compounds and phos- 
phorus compounds. Calcium phosphide, when decomposed by 
water or dilute hydrochloric acid, forms hydrogen phosphide: 

Ca3P2+6HCl=3CaCl2+2PH3. 

The phosphides of zinc, iron, tin, and magnesium are decom* 
posexi by dilute acids with the formation of hydrogen phosphide. 

Physical Properties.— Hydrogen phosphide, or phosphuretted 
hydrogen, PH 3 , is a gas at ordinary temperatures; it becomes 
liquid at -85"^ and solid at -133.5^. It has a peculiar disag'’ee* 
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able odor, that reminds one of spoiled fish. It is slightly soluble 
in water, more so in alcohol. Sp. g. = 17 (0 = 16), 

137 . Chemical Properties.— Hydrogen phosphide is very poison- 
ous; it bums_ very easily, yielding phosphoric acid. In the 
presence of oxygen of ordinary pressure it remains unchanged; 
if, however, the pressure is diminished, an explosion results. This 
conduct reminds one of phosphorus, which is luminous (because 
of oxidation) only below a certain limit of pressure (§ 135). 

The combustion of hydrogen phosphide may be expressed by 
tlic equation; 

2PH3+402=P205+3H20. 

Accordingly the reaction would be hexamolecular (§ 50). Van 
]) i:u Stadt demonstrated by a method, similar to that, referred 
to in § 51, that the first stage of the reaction is bimolecular and 
corresponds very closely to the following equation: 

PH3 + 02=Il2 + P02n, 

Metaphos- 
phorous acid. 

if the gases slowly diffuse into each other in a diluted condition. 

In general, experience has taught that the mechanism of a 
reaction is decidedly simple and that chemical processes are almost 
always mono- or bimolecular. Accordingly, when the quantita- 
tive course of a reaction is represented by an equation indicating 
the participation of several molecules, it is probable that several 
intermediate reactions are involved. 

Hydrogen phosphide can unite with halogen-hydrogen acids 
directly to form compounds of the type PII4X (X=haolgen), in 
analogy with ammonia. The best known of these compounds 
is PH4I, phosphonimn iodide, a colorless, well-crystallized com- 
pound, which is formed when dry hydrogen phosphide and hydro- 
gen iodide are mixed. 

•Vn easier method of preparation is to treat a solution of yellow [ihos- 
pborus in carbon disulphide with iodine, distil off the carbon disulphide 
then add water slowly, ^vanning gently; phosphonium iodide sub- 
iiuies out. The equation is 

51 + 9P + I 6 H 2 O =5PH*I + 4 H 3 PO,. 

I^bosphonium iodide is very unstable, as was mentioned in 
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§ 136; this is even more the case with phosphonium bromide, 
which is also a solid, but is completely dissociated into the two 
hydrogen compounds, PHs and HBr, as low as 30°. Phosphonium 
chloride is dissociated even at ordinary temperatures and pres- 
sures and can only exist below 14° or under more than 20 atm. 
pressure. Considering these properties, it is not surprising that 
phosphonium, PH 4 like ammonium,— should be impossible to 
isolate. No other acids except those mentioned unite witli 
hydrogen phosphide. The general behavior of the latter thus 
showvs that it is very much less basic than ammonia. 

Hydrogen phosphide possesses reducing properties. From 
solutions of silver nitrate or copper sulphate it precipitates a 
mixture of metal and phosphide; this property can be made use 
of to separate tlie gas from other gases. When mixed with chlo- 
rine it explodes vigorously, forming hydrochloric acid and phos- 
plioriis trichloride. 

The composition of hydrogen phosphide was determined by 
passing a known ^u)lume over copper turnings in a heated tube. 
Tlie copper combines with the phosphorus, so that the increase 
in weight of the tube show^s the proportion of phosplioriLS. The 
escaping hydrogen is collected and measured. In the experi- 
ment it was found that 34 parts (by weight) of hydrogen phos- 
phide contain 31 parts of phosphorus and 3 parts of hydrogen, 
so that, by comparing this with the atomic weights, the empirical 
formula is found to be PH3. This also expresses the molecule, 
for the specific gravity of the gas is 17 (H = l), its molecular 
weight, therefore, 34. This agrees with the results of the de- 
composition of hydrogen phosphide by induction sparks or by 
the electric arc; 1 vol. PH 3 yields 1 | vols. hydrogen and also 
amorphous phosphorus, which is deposited on the sides of the 
tube and on, the platinum wires (or carbons). 


2PH3=3H2 + 2P. 

2 vols. 3 vols, solid. 


Liquid Hydrogen Phosphide, P2H4. 

138 . In certain cases this compound is formed as a by-product in 
the preparation of phospliine. Especially is it formed in the decom- 
position of calcium phosphide with water. It also results from the 
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oxidation of phosphine by various substances, for instance, nitrogen 
dioxide, by which ordinary hydrogen phosphide can be made spon- 
taneously inflammable. The mixture of ITI3 and can be separated 
hv ])assing it through a well-cooled tube; the latter substance con- 
denses to a colorless liquid, which boils at 57°-58° (under 735 mm.) 
and has a specific gravity of 1.01. It is easily decomposable and can- 
not be preserved, because it rapidly changes to the gaseous and the 
solid hydrogen phosphides. The same decomposition is also effected 
by hydrochloric acid. It must be condensed in the dark, as sunlight 
aids decomposition. The empirical composition is indicated by the 
formula PH2; but since phosphorus is trivalent, we take P2H4, i.e. 
H.P-PH,, as the formula of the molecule. Liquid hydrogen phosphide 
thus becomes analogous to hydrazine. 

Solid Hydrogen Phosphide (p3H)x. 

139. This substance is formed by the decomposition of the preceding 
one, especially easily when phosphine charged with P^H^ vapor is led into 
concentrated hydrochloric acid. It then separates as a yellow powder 
of the empirical formula P2H, whose molecular weight it has as yet 
been impossible to ascertain. On being heated (in a COj-atmosphere) 
it breaks up into phosphorus and hydrogen; when heated in the air 
it catches fire at 1G0° It is insoluble in water. 

Halogen Compounds of Phosphorus. 

Phosphorus unites with all four of the halogens to form com- 
pounds of the types PX3 and PX5; the most important are the 
chlorides. 

PHOSPHORUS TRICHLORIDE, PCI3. 

140 . This compound can only be obtained by direct combina- 
tion of the elements. In preparing it a rapid current of dry 
chlorine is led over phosphorus in a n^tort. The phosphorus burns 
^ith a pale yellow flame and a mixture of trichloride and penta- 
chloride distils over into the receiver, which is kept cold. A little 
phosphorus is added to the distillate in order to convert the p)en- 
taciiloride to trichloride, and the liquid is redistilled. An easier 
^lothod is to introduce phosphorus into a flask with some phos- 
phorus trichloride and lead chlorine into the mixture. 

I^hy^cal Properties.— Phosphorus trichloride is a colorle^ 
liquid of a very pungent odor; it boils at 76 and remains liqui 
“S liHv as - 115°. Sp. g. = 1.61294 at 0°. 
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Chmiml Properties .— decomposes it very rapidly 'with 
the formation of hydrochloric and phosphorous acids:- 

PCla+SHsO^HgPOg+SHCL 

It is because of this decomposition that it fumes in moist air. 
Continued treatment 'vvith chlorine converts it into the pema* 
chloride. 


PHOSPHORUS PEHTACHLORIDE, PCI5. 

T41. This substance is prepared by passing chlorine over phoS' 
phorus trichloride. Fine light-yellow crystals at once appear and 
the entire mass finally becomes solid, indicating that all is con- 
verted into penta chloride. This compound fumes strongly in 
moist air, being immediately decomposed by water with the forma- 
tion of hydrochloric and phosphoric acids. When heated it sub- 
limes without melting. In the transition to the gaseous state it 
breaks up at a rather low temperature into the trichloride and 
chlorine; this dissociation is complete at 300 °, for at that point 
the vapor density is just half of that calculated for the penta-, 
chloride. The vapor, w^hich at moderately low temperatures is 
almost colorless, takes on the yellow color of chlorine for the above 
reason, as the temperature rises. The dissociation products, 
phosphorus trichloride and chlorine can be separated by diffusion. 
Phosphorus penta chloride evaporates in an atmosphere of the tri- 
chloride with almost no dissociation (c/. § 51 ), 

By the addition of a little water it is converted into phosphorus 
oxychloride: 

PCl5+H20 = P0Cl3+2Ha 

With more water phosphoric and hydrochloric acids .are produced. 

Phosphorus pentachloride is used in organic chemistry to 
replace hydroxyl groups with chlorine. In inorganic chemistry; 
It can also be employed for the same purpose; thus sulphuric acid 
reacts with it in the following manner (§93): 

S 02 < Qg + PCI5 = SO2 < + POCI3 + HQ. 
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PHOSPHORUS OXYCHLORIDE, POCI3. 

142 . The best method of preparing this compound is by the 
oxidation of the trichloride with sodium chlorate: 

3PCI3 + NaClOa = SPOCla + NaCl. 

In order to moderate the great vigor of this reaction sodium chlorate 
is placed under phosphorus oxychloride and the trichloride is 
then added slowly by means of a dropping-funnel. 

Phosphorus oxychloride is a colorless, mobile liquid, that boils 
at 107.2° and, when solid, melts at —1.5°. Sp. g. =1.7118 at 0°. 
In the presence of water, w'ith which it is not miscible, it slowly 
changes to phosphoric and hydrochloric acids: 

P0Cl3+3H20 = H3P04+3HCl. 

THE COMPOUNDS OF PHOSPHORUS WITH THE OTHER HALOGENS. 

143. These are very analogous to the chlorine derivatives. They are 
likewise prepared by direct synthesis from the elements. Inasmuch as 
the reaction is very vigorous, it has to be moderated by dissolving the 
phosphorus and the halogen sej)aratcly in carbon disulphide, slowly 
adding one to the ether and then distilling off the solvent. The fluorides 
have special methods of preparation. All these compounds are broken 
up l)y water like the corresponding chlorides, the fluorides, however, 
quite slowdy. 

The composition of these co 77 ipounds can be ascertained in the 
following way: on being decomposed by water they yield phos- 
phoric or phosphorous acid and a halogen acid, so that the quan- 
tities of phosphorus and halogen present can be found by deter- 
aiining the amounts of these acids. Moreover, the molecular 
^'eight can be obtained by measuring the vapor density, though 
it must be borne in mind, however, that compounds of the type 
are usually dissociated in the gaseous state. 

Oxygen Compounds of Phosphorus. 

144. Three compounds of this class are known: phosphorus 
trwxide, P 2 O 3 ; phosphorus ietroxide, P 2 O 4 ; and phosphorus pent- 
oride, or phosphoric anhydride, P 2 OS. Only the last is of any great 
importance. 
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Phosphorus Trioxide, P2O3. 

This compound is produced when phosphorus bums in a slow cur* 
rent of dry air in a tube. The principal product is phosphorus pent- 
oxide, which can be collected by a wad of glass fibers. The phosphorus 
trioxide passes through as a vapor and is condensed in a W’ell-cooled 
tube. It is a white waxy substance when thus formed, but it can also 
be obtained in crystals; the latter melt at 22.5° and boil at 173.1° (in 
a nitrogen atmosphere). The vapor density has been found to be 109.7, , 
while that calculated for P 4 O 6 is 110. On being heated to 440° it is 
decom[)osed into red phosphorus and phosphorus tetroxide. It turns 
yello^v in the light, which explains the fact that phosphorus pentoxide 
sometimes takes on a yjdlow' color. It dissolves slowly in cold water 
forming phosphorous acid; with hot water it produces red phosphorus, 1 
self-inflammable hydrogen phosphide and phosphoric acid in a vigor- 
ous reaction. \Yhen heated to 50°-60° in the air it takes fire and burns 
to the irentoxide. 

Phosphorus Tetroxide, P2O4, 

is obtained from the P^Og compound, as w’as stated above. It forms 
colorless glistening crystals, that break up in water into phosphorous 
and phosphoric acids. In this respect its conduct is analogous to that 
of nitrogen tetroxide, which yields nitrous and nitric acids with water. 

PHOSPHORUS PENTOXIDE, P3O5. 

, This compound is the product of the combustion of phosphonis 
in oxygen or an excess of dry air. It forms a white, voluminous, 
snowMike mass, that takes up water rapidly to produce phosplioric 
acid. It is the most powerful desicca ting-agent known. It exists 
in tw'o modifications, both of wdiich are formed simultaneously in 
the above process. The one is crystalline, subliming at 250 °; the 
other amorphous and not volatile below red heat; the vapor con- 
denses crystalline. When heated above 250 ° the crystalline modi- 
fication passes over into the amorphous. 

Heating with charcoal reduces it to phosphorus. 

The vapor density of phosphoric anhydride at bright redness 
was found to correspond to the formula (P205)2. 

Acids of Phosphorus. 

145* Only two of the above described oxides of phosphorus, 
viz. P2O3 and P2O5, form corresponding acids; these oxides c;ifl 
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unite with different amounts of water to form acids. From P2O5 
we have: 

P2O5 + H2O =2HP03, Tneta'phos'phoric acid, 
P206+2H20=H4p207, pyrophosphoric acid, and 
P205 + 3H20=2H3p04, orthophospkoric acid. 

From the other oxide two acids can be derived: mtaphos- 
fhorous acid, HPO2, and phosphorom acid, H3PO3. Besides these 
there are two acids of phosphorus, whose anhydrides are unknown, 
viz. hypophosphorous acid, H3PO2, and hyjwphosphoric acid, H4p2()6. 

The relation between ortho-, meta-, and pyrophosphoric acids can 
be shown in another way, which leads us to make some general obser- 
vations. It was remarked in § 141 that phosphorus ixjntachloride is 
transformed by water into phosphoric and hydrochloric acids. The 
action of water on the pentachloride may he regarded as consisting 
first of a substitution of all five chlorine atoms by hydroxyl: 

F| Cls+5Ii| OII =5HC1 + P(0H)5. 

This compound, which would strictly be regarded as orthophos- 
phoric acid, is unknown; a molecule of water is at once split off, form- 
ing the ordinary phosphoric acid, II3PO4, which we are accustomed 
to call orthophosphoric acid. In a similar way the metaphosj)lioric 
acid can be derived from the acid P(OH)5 by the splitting off of two 
molecules of water: 

|QH OH 

POH-^OP^OH; 

OH ^OH 

0 H Orthophos- 
phoric acid. 

"■kile the pyrophosphoric acid can be regarded as 2P(OH)5-3HjO: 

OlH HjO 

10 H HO | /OH /OH 
POH HOP->OP~OH OP^OH 

P-H-HO \o/ 

1^ — M] ^ Pyrophosphoric acid. 

^rihophosphoric acid can also be derived from phosphorus oxy- 

chloride: 


OjK 

[Oil 

P^H-^OjP-OH; 
jO H Metaphoaphoric 

OH 


OP|a+3HlOH-*OP(OH)3. 
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This way of looking at them makes plain not only the connection 
between the different acids, but also their structural formulsB. The 
same method can be applied to many other cases. As an example 
we may select the per~iodic acids. In § 62 only one was mentioned. 
There are salts, however, of various per-iodic acids, e.g. MIO^, M3IO., 
MJOe, etc. These can be derived from a hypothetical acid 1 ( 011 ), 
in which iodine is joined to as many hydroxyls as correspond to its 
maximum valence. MJOg would come from I(0H)7-1H20; M^IO^ 
from I(0H)^-2fl20; and MIO, from I(0H);-3H20. 

ORTHOPHOSPHORIC ACID, H3PO4. 

146, Thh? acid can be obtained by direct synthesis from its 
elements; phosphorus burns to the pentoxide and the latter yields 
the acid on dissolving in water. Its formation by the action of 
nitric acid on phosphorus was mentioned in § 134 . It can also be 
obtained by the oxidation of compounds containing phosphorus 
and hydrogen; phosphine and the lower acids of phosphorus are 
oxidized to phosphoric acid, 

Ordmarily this acid is prepared by the oxidation of phosphonis 
with nitric acid or by liberating it from its salts, particularly the 
calcium salt, Ca3(P04)2. The latter is stirred into the theoretical 
amount of dilute sulphuric acid, forming calcium sulphate, which 
Ls only slightly soluble in water, and phosphoric acid, which goes 
into solution. On evaporating this solution the acid remains. 

At ordinary temperatures orthophosphoric acid is a crystalline 
solid. It melts at 38 . 6 °, is odorless and extremely soluble in water, 
forming a strongly acid solution. 

It has the character of a strong acid; however, it is consider- 
ably less ionized than hydrochloric acid; a solution of 1 mole 
phosphoric acid in 10 I. water contains about one-fourth as many 
hydrogen ions as hydrochloric acid of the same molecular con- 
centration. It is ionized chiefly into H’ and H2p04^. It generates 
hydrogen with metals, all three hydrogen atoms being replaceable 
by metallic atoms; it is therefore tribasic. Three classes of salts 
are possible and known to exist; these are the primary, secondary 
and tertiary salts. Of the alkali salts all three kinds are soluble: 
of the alkahme earth salts only the primary, the tertiary and 
secondary being insoluble. The other phosphates are insoluble 
in water but are dissolved by mineral acids. 
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This latter property is due to the fact that phosphoric acid is 
a weaker acid than the strong mineral acids, hydrochloric, nitric 
and sulphuric. On treating an insoluble phosphate with one of 
these acids, e.g. hydrochloric, undissociated molecules of phos- 
phoric acid are formed in the liquid; the more hydrochloric acid, 
the more the association, since the hydrochloric acid reduces the 
ionixation of phosphoric acid. H2PO4' and H' ions thus disappear 
and. in case enough hydrochloric acid is added, the concentration 
of the H2P04^ ions remaining will not be great enough together 
with that of the metal ions present to reach the value of the solu- 
bility product; hence all the phosphate must dissolve (§ 73 ), 
For the same reason, as a general rule, salts that are iTisoluhle 
in water will only dissolve in acids that are stronger than the acid 
0/ the salt. The only exception to this is the case when the value 
of the solubility product of the insoluble salt is very small, examples 
of which we have seen in certain sulphides (§ 73 ). 

^\Tien heated to. 213 ° orthophosphoric acid gives off w^ater, 
forming mainly the pyro-acid but also a little meta-acid through- 
out the reaction. The pyro-acid on the other hand is converted 
by further heating into the meta-acid. 

With silver nitrate orthophosphates give a yellow precipi- 
tate of silver phosphate, Ag3P04, soluble in nitric acid and ammo- 
nia. In the case of a primary or secondary phosphate, the pre- 
cipitation is not complete, since nitric acid is liberated in the 
reaction : 


NajHPOi+SAgNOs^ Ag3P04 +2NaN03+HN03, 
or, expressed in ions: 

HPO/'+SAg- P±Ag3P04+H'. 

IE, however, an excess of sodium acetate is added, the precipi- 
tation is practically complete. 

The reason for this is obvious. By the addition of acetate the 
acetic anions C2H3O2' are forced to combine with the H‘ ions, for 
acetic acid is only very slightly ionized and its ionization is, more- 
over, considerably lessened by the excess of sodium acetate. The 
result is that in the equilibrium HP04"+3Ag' ^ Ag3P04+H* 
flic H* ions are removed. The inverse reaction is then no longer 
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possible, and the direct reaction must therefore become com- 
plete, or in other words, all the phosphoric acid is precipitated 
as silver phosphate. 

It was stated above that the alkali salts of phosphoric acid 
are soluble in water. These aqueous solutions differ markedly 
in reaction. The solution of a primary salt, KH2PO4, is add, 
that of a secondary salt feebly alkaline, and that of a tertiary 
salt strongly alkaline. The cause of this variation must be more 
fully explained. 

The acid reaction of a salt such as KH2PO4 must be attributed 
to the fact that its anion, H2r04' (analogous to the anion HSO4'), 
is capable of splitting up into the ions H’ and HPO4", the former 
producing the acid reaction. The feebly allcaline reaction of a 
salt like K2HPO4 is accounted for by hydrolysis (§66). Such 
a salt is extensively ionized in dilute solution into 2K' and HPO4". 
However, while H3PO4 is rather highly dissociated (into H* and 
H2PO4'), H2PO4 is but slightly ionized into H’ and HPO4". 
In this case H2PO4' behaves as a weak acid. Hence, if there is 
a large proportion of HPO4" ions in a solution, they will tend 
to unite with IP ions, because the system H'+HPO4"4:iFl2P0/ 
is only in equilibrium w^hen the right-hand side preponderates. 
The necessary H' ions are supplied by the water, which is split 
up to a very slight extent into H' and OH'. But when the H' 
ions unite with HPO4" ions w^e have a surplus of OH' ions in 
the solution and the latter takes on an alkaline reaction. .Entirely 
analogous is the explanation of the strongly alkaline reaction of 
the tertiary phosphates, such as K3PO4. Their aqueous solutions 
contain the ions PO4'", 'which have a still stronger tendency to 
unite wnth H' ions than the HPO4" ions. The PO4'" ion, there- 
fore, causes the presence of an even larger proportion of OH' ions, 
not compensated by H’ ions, so that the result is a strongly alkaline 
reaction. 

Phosphoric acid is precipitated from an ammoniacal solution 
by a magnesimxi salt as white crystalline ammonium magnesiufn 
phosphate, lVH4MgP04-f 6H2O. Another very characteristic test 
for phosphoric acid is that in nitric acid solution a finely crystal- 
line, yellow precipitate is produced by ammonium molybdate, 
especially on warming. This precipitate has approximately the 
composition moO,Hmi,?0,UE20, i.e. it is an ammo- 
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niuni phospho-molybdate. Precipitation in acid solution is of 
great advantage here, since most of the phosphates are soluble 
oiil\' in acids. 

PYROPHOSPHORIC ACID, H^Pp^. 

147. One method of producing this acid was given in the pre- 
ceding paragraph. In preparing it, it is more practicable, however, 
to heat the secondary sodium phosphate (the ordinary^ sodium 
phosphate of commerce), because in this case only one molecule 
of water can be driven off from two molecules of the salt: 

2Na2HP04= H2O + Na4P207. 

After being heated the sodium pyrophosphate is dissolved in water 
and lead acetate is added to precipitate lead pyrophosphate, which 
is then decomposed with liydrogen sulphide. 

Pyrophosphoric acid can be obtained from its solution as a 
colorless vitreous mass by evaporation in a vacuum at a low tem- 
perature. When dissolved in water of ordinary temperature, the 
aeid remains unchanged for quite a M hile; on warming this solu- 
tion, especially after the addition of a little mineral acid, it is 
converted into ortho-acid (§ 145 ). 

All four liydrogeii atoms are replaceable by metals; Ave should 
therefore expect to find four classes of salts. In reality only two 
are known, M4P2O7 and iM2pl2P207. The neutral, as well as the 
acid, salts of the alkalies are soluble in water; the neutral salts of 
other bases are insoluble, the acid salts chiefly soluble. 

Pyrophosphoric acid is distinguished from the ortho-acid by 
the fact that solutions of its salts give a wh ite precipitate, Ag4P207, 
^dth silver nitrate, and from the nieta-acid by not coagulating 
albumen and giving no precipitate Avith barium chloride. 

METAPHOSPHORIC ACID, HPO3. 

148. This aeid is obtained by heating the ortho- or the pyro- 
till no more water passes off, or by heating ammonium phos- 
phate (NH4)2HP04. Moreover, on dissolving phosphorus pent- 
o^ide in cold water, the product is at frst chiefly meta-acid. 

At ordinary temperatures metaphosphoric acid is a vitreous 
solid (hence the name glacial phosphoric acid), which can be melted 
easily drawn out into threads. On being heated .strongly 
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it volatilizes without breaking up into water and pentoxide. When 
boiled in aqueous solution it goes over into orthophosphoric acid. 
It is ver}^ deliquescent; use is made of this property occasionallv. 

Metaphosphoric acid is inonobasicj corresponding to the formula 
HPO3. Its alkali salts only are soluble in water. In solution 
the meta-acid can be distinguished from the ortho- and the pyro- 
acids by its ability to coagulate albumen and give white, precipi- 
tales with chlorides of barium or calcium. 

The vapor of this substance at bright-red heat consists chiofiv 
of H2P2O6 molecules (di-metaphosphoric acid), which arc apparentlv 
liable to undergo partial dissociation and even to lose a small 
quantity of water. 

There are s.'dts of various acids known, which must be regarded as 
polymers of metajjhosphoric acid, o.g. Ksl’sllfSj potassium di-metaphos- 
phate; there exist also tri-, tetra-, and hexa-metaphosphates, i.e. salt.s 
of the acids II3P3O,, and 

Hypophosphoric Acid, H^P^Og. 

149. If commercial stick phospliorus is allowed to oxidize slowly in 
moist air in the manner pictured in Fig. 41, so that each stick is sup- 



ported in a tube ah by itself (on account of the danger of catching fire) 
and several such tute rest on a funnel under a bell-jar standing in a 
dish of water, an acidic liquid is formed which contains phosnlioric, 
phosphorous and hypophosphoric acids. 

three can be isolated by neutralizing the liquid ivitii 
r.ii * ^ V almost insoluble acid sodium hypojiiws" 

phate, >,a,H,PjO,-t 6 HjO, is precipitated. If this salt is dissolved in 
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wutor and barium chloride added, a precipitate of barium hypophos- 
phate is formed, from which an aqueous solution of the free acid can 
be obtained by means of dilute sulphuric acid. This can be evaporated 
at 30® to a sirupy consistency mthout decomposition and, when left 
ill a vacuum, yields crystals of the acid. At an elevated temperature 
and in the presence of a mineral acid phosphorous and phosphoric acids 
are formed. This behavior justifies the consideration of hypophos- 
plioric acid as a mixed anhydride of the two last-named acids: 

OH HO OH OH 

OPOH HOP -> OPOH POH 



Phosphoric Phosphorous Hypophosphoric 
acid. acid. acid. 

This compound is also formed by the oxidation of phosphorus with 
the aid of copper sulphate solution (§ 134h Its silver salt is obtained 
by the oxidation of phosphorus with nitric acid in the presence of silver 
nitrate. 

Hypophosphoric acid is tetrabasic, four classes of salts being known, 
Metaphosphorous Acid, HPO 2 . 

150. This compound was discovered by van der Stadt during the 
slow oxidation of phosphine under reduced pressure (§ 137) : 

PHg+Oj-H^-bHPO^. 

The sides of the vessel become covered with feather-like crystals of HPOg. 
These melt at a much higher temperature than the crystals of phos- 
• phorous acid and are converted into the latter by the action of water 
vapor. 


PHOSPHOROUS ACID, HjPOj. 

In § 149 it was mentioned that this acid is formed by the 
slow oxidation of phosphorus in moist air. It is more easily pre- 
pared by decomposing phosphorus trichloride with water: 

PCl3+3H20=H3P03 + 3HCl 

hydrochloric acid can be expelled by evaporating at 180° 
^0(1 the phosphorous acid crystallizes out on cooling. 

d'he melting-point of phosphorous acid is 70.1°. It is a very 
^ygroBco-pic substance Heating decomposes it into phosphoric 
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acid and phosphine. It has a strong reducing action, being itself 
oxidized to phosphoric acid. The oxygen of the air acts on it ve^ 
slowly. It precipitates the metals from solutions of gold chloride 
mercuric cliloride, silver nitrate, etc. A characteristic reaction is 
the reduction of sulphur dioxide to sulphur, which takes place at 
ordinary temperatures, when solutions of the two substances are 
mixed. 

In spite of its three hydrogen atoms, phosphorous acid acts as 
a dihadc a(;id. As we have already observed, the ionization of 
polybasic acids sometimes affects only one H * ion at first, the others 
being split off with increasing difficulty. According to Ostwwld 
it may be supposed that ionization beyond 2 H' and HPOs'' is in 
this case so difficult that the acid seems to be only dibasic. The 
phosphites are not oxidized by the air, but they yield to the action of 
oxidizing-agents; e.g. they liberate the precious metals from their 
salts, as docs also the acid itself. Heating breaks them up into 
hydrogen, pyrophosphates and phosphide. The double phosphites 
give precipitates with baryta- or lime-w^ater. 

Hypophosphorous Acid, H3P02. 

152. Salts of this acid are produced by heating phosphorus with 
caustic soda, lime-water or baryta-water (§ 13G); 

3Ba(OH)2 r 8P + OH^O = + 2PH3. 

It can be set free from these salts by sulphuric acid; the aqueous solu- 
tion is evaporated up to 140° and then cooled strongly, whereupon the 
acid crystallizes out. Melting-point, 17.4°. On being sufficiently 
heated it yields phosphine and phosphoric acid. 

Hypophosphorous acid is a very strong reducing-agent. Gold, sil- 
ver and mercury are precipitated from solutions of their salts by the 
free acid as "well as its salts. Sulphur dioxide is reduced to sulphur 
at ordinary temperatures. In these reactions the acid itself is con- 
verted into phosphoric acid. It is distinguished from phosphorous 
acid by its behavior towards copper sulphate solution; when it is warmed 
with the latter, a red precipitate of copper hydride, CujHj, is formed. 
Hypophosphorous acid is monobasic. 

Compounds of Phosphorus and Sulphur. 

153. Various compounds of this sort are known; all of them 
obtained by warming the two elements together. As the reaction is 
very vigorous with yellow phosphorus, the red form is usually employed- 
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The compound PjSj, which is of service in organic chemistry, is a 
yellow crystalline substance, melting at 27^-276° and boiling at 'siS®. 
On l)eing warmed with water it yields phosphoric acid and sulphuretted 
hydrogen. unites with 3 molecules of KjS to form a sulphophos- 
phafe, KgPSj, i.e. a phosphate whose oxygen is replaced by sulphur. 

.Several compounds containing a halogen in addition to phosphorus 
and sulphur are known, e.g. PSCI-5, This phosphorus sulphochlorids can 
bp prepared by treating phosphorus pentachloride with hydrogen sul- 
phide, a method analogous to that of forming the oxychloride from the 
pentachloride and water. A more convenient method is by the action 
of the pentachloride on the pentasulphide, which carries out the analogy, 
to oxy-com pounds still farther (§ 142) ; 


3PCl,-fPA-5PSCL 


It is a colorless liquid, boiling at 125°. Water decomposes it into 
phosphoric acid, hydrochloric acid and hydrogen suljjhlde. 

Compounds containing Phosphorus and Nitrogen. 

154. The compounds of this class arc also numerous. Among them 
are amidophosphoric acid, and diamidophosphoric acid, 

OH 

OP (XH ) ‘ ^ names indicate, these compounds behave like acids. 

If dry ammonia is conducted over phosphorus pentachloride, a white 
mass is obtained which consists supposedly of ammonium chloride, 
^H^Cl, and a compound PC^NH,);. With water it forms phosphamide, 
P0fNH)(NH2), ^ white insoluble powder. On being boiled with water 
secondary ammonium phosphate is formed: 


P 0 (NH)(XH 2 ) +3H2O 


The name phospham is given to a compound PgHgNg, which is formed 
from the product of the action of ammonia on phosphorus pentachloride, 
"hen it is heated in the absence of air till no more ammonium chloride 
fumes appear. It is insoluble in water. When fused with potassium 
f^ydroxide, it breaks up as follows: 


PgHgNa + 9KOH + SHjO = 3K3PO4 + 6NH3. 
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ARSENIC. 

155, Arsenic occur in nature in the free state— native. More 
frequently it is found in combination with sulphur {realgar, 
and orpiment, AS2S3) and with metals {arsenopyriie^ or mispickcl, 
FeAsS; and cMtite^ CoAsS); also with oxygen as AS 2 Q 3 {arseno- 
life). 

The extraction of the element from these minerals is simple. 
Arsenppyrite yields, arsenic on mere hcatingj the latter subliming. 
Aisenolite is reduced with carbon; 

2 AS 2 O 3 + 6 C = As + 6 CO. 

Physical Properties and Allotropic Conditions. — The condition 
in which arsenic usually occurs is the crystalline. It then has a 
steel-gray color and a specific gravity of 5.727 at 14° and is a good 
conductor of electricity. It sublimes under ordinary pressure 
without melting; under increased y)ressu£e* however, it melts at 
500°. By sublimation in a current of hydrogen a second crystal- 
lized form can be obtained together wdth a black modification, 
which according to Rktgkks is also ciystallized. An amorphous 
modification results from the decomposition of hydrogen arsenide 
by heat, the arsenic appearing as a dark brown deposit on the sides 
of the glass. Finally there is a yellow modification which is formed 
when arsenic vapor is strongly cooled. It resembles yellow ])hos- 
phorus very much, for it is soluble in carbon disulphide, oxidi/es 
quickly in the air with sliglit luminescence, and smells like garlie. 
It is very volatile and is easily transformed into the black modih* 
cation, though at — 180° this yellow modification is stable. At an 
elevated temperature (.360°) all the modifications pass over into 
the ordinary crystalline form. 

Vapor Density. — The lemon-yellow vapor of arsenic has a 
density of 10.2 (air=l) at about 860°, which makes the molecular 
weight 293.8. At 1600°-1700° the vapor density is less by Italfi 
being 5.40, Since the atomic weight of arsenic is 75 , its moliuule 
therefore contains four atoms at about 860° and two at 1600°-1700^ 

Chemical Properties. — Arsenic is not affected by dry air at 
ordinary temperatures; in moist air it becomes covered with a 
coating of oxide. At 180° it burns with a bluish flame to the 
oxide AsA, giving off a peculiar garlic-like odor. At an ele\'ated 
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tcinperature it combines with many elements directly; it unites 
with chlorine without the aid of heat, producing scintillations. 

HYDROGEN ARSENIDE. ARSINE, A&H3. 

156, Direct synthesis from the elements is not possible with 
this compound. It is formed when almost any arsenic compound 
comes ill contact with nascent hydrogen (zinc + sulphuric acid). 
When thus prepared it contains considerable hydrogen, however. 
Pure arsine is obtained by treating zinc arsenide or sodium arsenide 
with dilute sulphuric acid : 


As2Zn3d- 3H2S04=2AsH3-f 3ZnS04. 

Phymal Properties. ^Hydrogen arsenide is a gas; it liquefies 
at but docs not solidify as W as - 110 °, Sp, g.==38.9 
(H = l). It must be handled with great care, as it is very poison- 
ous. Fortunately its presence can be easily detected by its peculiar, 
disagreeable odor. 

Chanical Properties. can be decomposed into its ele- 
ments by heat. If the gas is passed through a hot glass tube, 
arscmic is deposited on the sides in the form of a metallic mirror, 
hidiiction sparks also decompose it. By the latter means it can 
be shown that the resulting volume of hydrogen is li times as 
large as that of the gas itself, in accord with the formula AsHs. 
ft is an endothermic compound, 

As + 3H-AsH 3= -36.7 Cal., 

and has been made to explode by fulminating mercury (§ 119), 

Hydrogen arsenide burns with a pale flame, yielding water and 
arsctiious oxide, AS 2 O 3 , if sufficient air is present; if such is not .the 
<?asp, or if the flame is cooled, arsenic is deposited. On heating 
potassium or sodium in the gas, an arsenide, ASK 3 or AsXaa, is 
formed. Hydrogen arsenide precipitates the yellow compound 
^Ag 3 . 3 AgN 03 from a very concentrated solution of silver nitrate: 

AsHg+eAgXOa ^AsAgs-SAgXOs. 

is decomposed by the addition of water into arsenic us acid, 
^iitric acid and metallic silver, the latter being deposited. 
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This reaction is called Gutzeit’s test. It is usually carried out in the 
following way: A drop of 50% AgNOg solution is placed on a piece of 
filter paper and the moist spot is held over a test-tube containing some 
zinc, dilute sulphuric acid arid the substance to be tested for arsenic. 
A plug of cotton is inserted near the top to protect the paper from being 
Spattered by the effervescing solution. If arsenic is present, the spot 
becomes yellow, and turns black when moistened with water. 

Composition of Arsine . — If arsine is passed over hot copper 
oxide, water and copper arsenide are formed. The ratio of 
hydrogen to arsenic in arsine is determined from this reaction. 
For 1 part (by weiglit) of hydrogen 24.97 parts of arsenic are 
obtained. The molecular weiglit of the compound, as found from 
the specific gravity (see above), is 77.9; since the atomic weight of 
arsenic is 75, the formula of arsine must be AsHs. 

Detection of Arsenic. 

157. The majority of arsenic compounds are very poisonous. Several 
of them are of practical use and hence are on the market, e.g. white 
arsenic, A-SgOg (rat-poison); orpiment, A82S3; Schweinfurt green, or 
copper arsenite. Poisonings with these substances happen occasion, 
ally. Some arsenic compounds, because of their pretty green color, 
are still used, though much less than formerly, in dyeing tapestries, 
portieres, and the like. Rooms in which these are hung usually con- 
tain particles of arsenical matter, which are injurious to the health. 
Further, a certain species of mould, penicillium brevicaulef which is 
sometimes found in such tapestries, has the powet of generating volatile 
and very poisonous arsenic compounds. The chemist is therefore ituite 
frequently called upon to analyze a given sample (of dyed materials 
or the like, or the contents of a stomach) for arsenic. For this pur- 
p<^ a method has been devised which enables him to detect with cer- 
tainty extremely small amounts of arsenic. It involves the following 
operations: Ihc organic substance in question is at first disintegrated 
as well as possible, usually by digestion with hydrochloric acid 011 rii® 
water bath, a little potassium chlorate being added from time to time. 
Thus the arsenic compound is oxidized to .arsenic acid. When the 
chlorme has been expelled by warming and the liquid has been filtered, 
ydrogen sulphide is passed in for some time at a temperature of about 
80° to precipitate the arsenic as sulphide. The sulphide is theo dis- 
solved in nitric acid (in case the presence of antimony is suspected it 
must fimt be removed); this solution is evaporated to dryness fo 
nd of the excess of acid, the dry residue is dissolved in water, and this 
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liquid is then tested in the Marsh apparatus, a simple form of which 
is shown in Fig. 42. 

This consists of a small flask, in which hydrogen is generated from 
jinc and sulphuric acid; the liquid to be investigated is poured down 
the thistle-tube; if arsenic is present, arsine is formed. The mixture 
of hydrogen and arsine is dried by calcium chloride in the wide tube 
and then enters a tube of hard glass, which is narrowed at several places 
and drawn to a point at the further end. As the gas leaves the ta- 
pering end, which is bent upward, it is lighted. Thereupon the tube ia 
heated with a flame on the near side of a narrowed place. The arsine 
is broken up and arsenic is deposited as a bright metallic mirror in the 
narrowed part. From the extent and thickness of the deposit one can 
estimate the number of milligrams of arsenic present. If the hydro- 
gen arsenide is not heated, it passes on to the flame and is burned. A 



cold porcelain dish held in the flame is soon coated with a deposit of 
arsenic, which is readily soluble in sodium hypochlorite solution (sodium 
arsenate being formed). This solubility enables us to distinguish arsenic 
from antimony. 

Arsenic is very widely distributed, although in small amounts; 
hence we always have to reckon with the possiblity of traces of it being 
present in the reagents and glass utensils of the laboratory. In order 
to test this a “blank experiment” is performed, i.e. all the operations 
are carried out with duplicate amounts of the required chemicals but 
^'ithout the addition of the substance to be analyzed. Not until the 
Materials used, are proved to be free from arsenic is it permissible to 
Use them in an actual test. 

^\'hether or not textile fabrics and the like have been dyed with 
^chweinfurt green (copper arsenite) can be determined easily by the 
Gutzeit test. Another method is to use the above-mentioned peni- 
hrevicaule. This is cultivated on bread which is soaked with 
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the liquid to be tested for arsenic. The least trace of the latter reveals 
itself by a characteristic garlic-lihe odor, caused by the evolution of 
arsenical gases. 

Compounds of Arsenic with the Halogens. 

158 . Only two arsenic-halogen compounds of the type AsXs are 
known, viz. the 'pcnUiiodide, Asig, and the pentcijiuondej ASI 5 (and 
the latter only in combination with potassium fluoride: KF- AsFg). 
Aside from these only compounds of the type ASX 3 are known. 

Arsenic trichloride, AsClg, can be obtained by direct synthesis 
or by the action of In drochloric acid on white arsenic. The latter 
way is analogous to the formation of metal chlorides from the oxide 
and hydrochloric acid. This compound is a colorless oily liquid 
having a specific gravity of 2.205 (d^). It freezes at -18° and 
boils at 130.2°. It is extremely poisonous. AVhen exposed to the 
air it throws off dense white fumes. With a little water it forms 
an oxychloride, As(OH) 2 Cl; with much water hydrochloric acid 
and arsenioiis oxide. Tn this latter .system a rise of temperature 
results in partial re-formation of the trichloride, which is volatile 
with the water vapor. The following equilibrium seems to exist: 

AS2O3+6HCI ^ 2ASCI3+3H2O, 

Oxygen Compounds of Arsenic. 

Two such compounds are known: AS 2 O 3 , arsenious oxide, and 
AS 2 O 5 , arsenic oxide, 

ARSENIOUS OXIDE, AsjOg. 

159 , Arsenious anhydride (commonly called ^‘arsenic” or 
white arsenic’') is found in nature. It is formed by the com- 
bustion of arsenic in air or oxygen and by the oxidation of arsenic 
with dilute nitric acid. It is manufactured commercially by 
roasting arsenical ores; the oxide volatilizes and is condensed in 
brick'Walled chambers, where it collects as a white powder 
( arsenic meal ") .It is refined by sublimation from iron cylinder?- 

Physical Properties, — Arsenious oxide is an odorless solid, that 
does not melt under ordinary pressure, but sublimes. Fiider 
higher pressure it is possible to melt it. At 800"' its vapor den.dty 
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is 198 (0 — 16), which makes the molecular formula AS 4 O 6 . 
Aliove this temperature dissociation begins and at 1800*^ the vapor 
density corresponds to the formula AS 2 O 3 . By the ebullioscopic 
method (elevation of the boiling-point) the molecular formula has 
been found to be AS 4 O 6 at 205® also (in boiling nitrobenzene). 

Various Modifimtions.^Ar^QmoMB oxide is known in a vitreous 
form as well as in crystals of the regular and monoclinic systems. 

The vitreous modification is produced when the compound is sub- 
limed or heated to the sublimation-point. Sp. g. =3.738. After stand- 
ing for some time at ordinary tem|?eratures, this form becomes white 
like porcelain because of conversion into isometric crystals. Tlie latter 
form is better obtained by dissolving the vitreous modification in water 
or hydrochloric acid and letting it crystallize out. During the crystal- 
lization the strange phenomenon of bright luminescence is observed. 
Tills luminescence does not appear when crystallized arson ious oxide 
is recrystallized. The transformation of the amorphous into the regu- 
lar variety is accompanied by the evolution of heat (5.330 (lal.). llie 
moiioclinic form is obtained by conducting the crystallization above 
200'’ instead of at ordinary temperatures. If the lower half of a sealed 
glass tube containing arsenious oxide be heated above 400®, it will be 
found after cooling that the lower heated part contains vitreous, the 
middle monoclinic, and the upper octahedral, arsenious oxide. 

Since the transformation of amorphous into crystallized arsenious oxide 
takes place even at ordinary temperatures (rapidly at 100°) and with 
the evolution of heat, the octahedral form is to be regarded as the stable 
mie at ordinary temperatures; the glassy form is only able to exist 
at these temperatures, because the velocity of transformation is then 
very small. According to the above, if octahedral arsenious oxide is 
gradually warmed, we have first a transformation into monoclinic and 
then another into amorphous arsenious oxide. The transition tem- 
peratures have not yet been determined. 

Chemical Properties . — Arsenious oxide is easily reduced to 
arsenic; for example, by heating with charcoal or nascent hydrogen. 
It is also easily oxidized to arsenic oxide and is therefore useful as 
a reducing-agent. This oxidation can be brought about by chlorine, 
bvomine (bromine-water), iodine solution, potassium perman- 
ganate, strong nitric acid, etc. It is slightly soluble in water; the 
solution has a salty metallic taste and a weak acid reaction. In 
it dissolves much more easily, because it acts towards them 
^ ‘‘i basic oxide. It was stated above (§ 158) that a solution of 
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the oxide in hydrochloric acid gives off arsenious chloride. White 
arsenic is a rank poison; freshly precipitated ferric hydroxide 
serves as an antidote, 

ARSENIC OXIDE, 

160. This compound cannot be prepared like the correspond- 
ing phosphorus compound by burning arsenic in the air, for the 
oxidation goes no farther than to arsenious oxide. The higher 
oxide can only be prepared by heating arsenic acid in the air: 

2H3 As04 — 3H2O — AS2O5, 

This arsenic anhydride is a white glassy substance, that dis- 
solves in water slowly, going over into arsenic acid. By heating 
with carbon it is easily reduced to arsenic. At an elevated tem- 
perature it breaks up into oxygen and arsenious oxide. Its molec- 
ular weight is not known; the formula AS2O5 is simply empirical. 

Oxyacids of Arsenic. 

Two of these are known: anenious md, H3ASO3 (only in 
aqueous solution and salts) and arsmio (Kid, H3ASO4. 

ARSENIOUS ACID, H3ASO3. 

161. This acid exists in the aqueous solution of the anhydride. 
It still remains to be discovered, however, which hydrate, HgAsO.-j, 
HASO2 or some other, is present. On evaporation the anhydride 
and not the acid separates out. This acid forms three classes of 
salts, according as one, two, or three of its hydrogen atoms are 
repaced by metals; it is therefore tribasic. Certain salts arc 
knoTO which are derived from a meta-anmims acid, HASO2. 

Ihe salts of the alkalies are soluble in water; those of the other 
metals are not, but dissolve easily in acids, however. A neutral 
arsenit^ solution gives a yeUow precipitate of silver arsenite, 
AgsAsUg, with silver nitrate. 

iodi^^solution^ ^ easily oxidized to arsenic acid by 

H^AsOg+r^+HjO = H3 AsO^-|-2HL 
Such a solution can therefore also be employed tor the titration of iodine 
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COUPLED, OR INDUCED, REACTIONS. 

When one substance is being oxidized by another it is often found 
that, if arsenious acid is added to the mixture, this latter substance 
is also oxidized, even though it be not attacked by the oxidizing- 
agent alone. An example will make this plain. Bromic acid, HBrOj, 
has practically no oxidizing action on arsenious acid; sulphurous acid, 
however, is oxidized by bromic acid almost instantaneously. Now, in 
case sulphite is added to a mixture of bromic acid and arsenious acid, 
not only the sulphurous acid but also a part of the arsenious acid is 
oxidized. 

Such actions are frequently observed; they are called coupled, or 
induced, reactions. Their general scheme is as follows: 

A+B— +Reaction; 

A +C—» practically no reaction; 

A +B + Reaction between A and C, as well as between A and B. 

A second example of a coupled reaction is the following: Arsenious 
oxide is oxidized by chromic acid but not by bromic acid. However, 
when all three substances are mixed, the bromic acid is also partially 
reduced. We may formulate the case as follows: 

HjCrO* + AsjOg-^Reaction ; 

HBrOg +AS 2 O 3 — >No reaction; 

HjCrO^ + HBrOg + AsaOj-^Reduction of both chromic and bromic 
acids. 

\Vhile in the first example the reaction between bromic acid and 
arsenious acid is induced by a rediicing-agent (sulphurous acid), in 
the second case this is accomplished by an oxidi zing-agent (chromic 
acid). 

For the purpose of classification general names have been given 
to the three substances which participate in a coupled reaction. The 
substance A of the above scheme is termed the actor, the substance B, 
which reacts with A alone, is called the inriweer, while C, the substance 
that is only attacked in company with A and C, is known as the 
acceptor. The first example may be annotated thus^ 


HBrOg + H 2 SO 3 - 

Actor. Inducer. 

HBrOg -f AsjOg- 

Actor. Acceptor. 


■^Reaction. 
»No reaction. 


(Reaction both between HBrOg and HjSOg 
Acto?* ] “■'d tjetween HBrO, and As,0,. 

The inducer and acceptor are similar to each other, but opposite 
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to the actor, in chemical behavior, as may be readily seen in the second 
example. 

The ratio of the transformed portions of the acceptor and inducer 
is termed the i n d u c t i o n factor, thus; 


Equivalents of the accei)tor tra nsformed 
“ “ inducer “ 


== Induction factor. 


This factor is not constant for a definite coupled reaction but varies, 
for instance, with the concentration of the substance concerned, as 
well as with other circumstances. The cause of this dependence on 
the concentration i>s readily perceived. The velocity of a reaction is 
proportional to the concentration of the interactiiig substances, If 
the concentration of the acceptor is increased, more of the acceptor will 
react with the actor than before; the induction factor will, therefore, 
l)ecome larger. If, oji the contrary, the concentration of the inducer 
is increased, the factor must diminish, 

Among coupled, or induced, reactions must also be classed the vari- 
ous instances of oxygen adivation. The meaning of this term is best 
understood from an example. Sodium sulphite is readily oxidized by 
free oxygen to the sulphate. Sodium arseiiite, however, is not oxidized 
by it when the solution contains an excess of acid potassium carbon- 
ate, But, if the mixed solution of these salts is shaken up with air 
(actor), both the sulphite (inducer) and the arsenite (acceptor) are 
oxidized, and both consume exactly the same amount of oxygen. This 
is also true for other such oxygen activations. 

To explain the phenomena presented by coupled reactions it is 
assumed that the actor or the inducer in their complete reduction or 
oxidation pass through intermediate stages, the intermedial substances 
being also able to oxidize the acceptor. In the above examples the 
intermedial product might be bromous acid, HBrOj. As a matter of 
fact such intermedial substances have been isolated in some cases, or 
their existence has been at least rendered very probable. The . con- 
sumption of just as much oxygen by the inducer as by the acceptor 
in oxygen activations is explained by supposing that the inducer is 
oxidized by an oxygen molecule to a peroxide,^’ which then yields 
an atom of oxygen to the acceptor. An example, for which this Iws 
been actually proved, is found in the oxidation of benzaldebyde in the 
presence of mdigosulpbonic acid. Cj. Org. Chem., § 299. 



ARSENIC ACID. 


225 


163.] 


ARSENIC ACID, H3ASO1. 

162. This acid is most easily obtained by the oxidation of a 
solution of arsenious acid by warming it with nitric acid. On 
concentrating the solution the compound 2H3ASO4+H2O separates 
out (below 15°); this substance gives off its water of crystallization 
at 100° and yields ortfwarsenic acid, H3ASO4, which crystallizes in 
fine needles. When heated further it gives off water (at 180°) and 
goes over into pyroarsenic acid, H4AS2O7, which separates in the 
form of hard glistening crystals. On being heated still higher 
the latter compound gives up another molecule of water, the 
final product being white crystalline mda-anenic acid, HAsOs- 
This conduct is completely analogous to that of phosphoric acid; 
however, metaphosphoric acid cannot be converted into the anhy- 
dride by heat as can arsenic acid (§ 160). The pyro- and mcta- 
arsenic acids are stable only in the solid state; when treated with 
water they are converted into the ortho acid, the transformation 
being much quicker than with the corresponding phosphorous acids. 

Orthoarsenic acid is easily soluble in water. Its salts, the 
arsenates, exist in three classes; of the tertiary only those of the 
alkalies are soluble in water. The reactions of arsenic acid are 
very similar to those of phosphoric acid (§ 146); in this case also 
a mixture of ammonia, ammonium chloride and magnesium sul- 
phate {magnesia mixture) precipitates a white crystalline am- 
monium magnesium salt, Mg(NH4)As04+6H20. Ammonium 
molybdate produces a yellow finely crystalline precipitate, whose 
composition and appearance correspond to those of the phos- 
phorus compound. The precipitates formed with silver nitrate 
are, however, unlike in color; Ag3P04 is yellow, Ag3As04 reddish 
brown. 

Sulphur Compounds of Arsenic. 

163. Three are known: arsenic disulphide (realgar), AS2S2; 
arsenic trisulphide (orpiment), AS2S3; arsenic pentasulphide, AS2S5. 

Arsenic disulphide, AS2S2, 

oi.‘('urs in nature as realgar (§ 155). It forms beautiful ruby-red crystals 
of a specific gravity of 3.5. It is used as a pigment. It is manufactured 
artificially by fusing sulphur and arsenic together; the resulting products 
^’ary in composition, however. 
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ARSENIC TRISULPHIDE, AsjSa. 

Arsenic is precipitated from the acid solution of arsenious 
oxide by sulphuretted hydrogen as sulphide; in this respect too 
it behaves as a heavy metal. In the above reaction arsenic tri- 
sulphide is deposited as an amorphous yellow powder, A pure 
solution of arsenious acid gives no precipitate with sulphuretted 
hydrogen, but simply a yellow liquid (§ 195). Arsenic trisulphide 
occurs in nature as orpimeTd (§ 155), having a laminated crystal- 
line structure; it owes its name to its beautiful golden lustre. 
By fusing artificial arsenic trisulphide a product is obtained which 
is very similar to the natural orpiment, but has a lower specific 
gravity (2.7 instead of 3.4). Commercially the trisulphide is 
prepared by fusing white arsenic with sulphur; the product still 
contains the oxide, however, and is therefore poisonous. Arsenic 
trisulphide is insoluble in water and in acids. 

ARSENIC PENTASULPHIDE, ASjSs. 

After sulphuretted hydrogen has been led into a warm acidu- 
lated solution of arsenic acid for some time, arsenic is precipi* 
tated as an amorphous yellow powder of the composition 
The latter is also obtaine<l by fusing arsenic trisulphide wdth the 
required amount of sulphur. In the absence of air it can be 
sublimed without decomposition. It is insoluble in tvater and in 
acids. 

SULPHO-SALTS OF ARSENIC. 

164 . 4 he trisulphide and the pentasulphide of arsenic dissolve 
easily in alkali sulphides, forming salts of sulpho-acids: 

AS283 + 3K2S = 2K3 AsHs ; 

Pot. aulph- 
arsenite. 

AS285 + 3K2S ^ 2K3ASS4. 

Pot. «ulph- 
arsenate. 

The formation of these sulpho-salts can be regarded as aiudn- 
gous to that of an oxy-salt from a basic oxide and an acid anli}'" 
dride, e.g. : 


Ba04-803 = BaS()4. 
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The trisulphide and the pentasulphide are therefore to be con- 
sidered as snljoho-anhydrides of those sulpho-acids. 

The sulpharsenates can also be obtained from arsenic tri- 
sulphide with the aid of an alkali polysulphide: 

AS 2 S 3 + 2KAaS3. 

Pot. sulpho- 
meta-arsenate. 

This reaction can be explained by supposing that the arsenic 
trisiilphide is converted into the pentasulphide by the excess 
of sulphur, just as the trioxide is oxidized to the pentoxide. 

They are also produced by treating an arsenate with hydro- 
gen sulphide: 

K3As04d"4H2S =K3 AsS4'1- 4 H 2 O. 


The sulpharsenates and sulpharsenites of the alkalies dis- 
solve easily in water and can be obtained in the crj^stalline form 
from the solution; those of the other metals are insoluble The 
free sulpho-acids axe unknown. On the addition of an acid to 
tlie solution of a sulpho-salt, thS liberated sulpho-acid breaks up 
into hydrogen sulphide and amenic tri- or pentasulphide. 

ANTIMONY. 

165. Antimony occurs in nature in siihnite, Sb2S3, as well as 
in many less common minerals. Stibnite was known to the 
ancients. In Japan it is found in magnificent large crj’stals. 
Antimony was frequently employed by the alchemists. Basilius 
Valentinus at the beginning of the seventeenth century de- 
scribed its extract on from stibnite in a monograph entitled ‘‘The 
triumphal car of Antimonium.’^ 

The element is at present obtained from stibnite by two 
processes. In one the mineral is roasted, being thus transformed 
into antimonious oxide. This oxide is tlien reduced with charcoal 
to metallic antimony: 

1. 2Sb2S3+902=2Sb203+6S02; 

II 2Sb203+3C =4Sb+3C02. 

The other method is to fuse the mineral with iron; 

Sb2S3+3Fe=2Sb+3FeS. 
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The crude antimony thus obtain^ usually still contains arsenic 
lead, sulphur, etc. It can be refined by fusing with a little salt- 
petre, the impurities being oxidized. 

Physical Properties . — Antimony Ls silvery-white and has a 
high metaUic lustre and a laminate-crystalline structure (rhornbo- 
hedral); as 'a result of the latter it is very brittle and can be easily 
pulverized. Sp. g. =6.71-6.86. Melting-point, about 630°; boil- 
ing-point, 1450°. Menschixg and Meyeu succeeded in determin- 
ing the vapor density at 1437°, i.e. slightly below the boiling-point, 
and found that the molecule, unlike that of phosphorus or arsenic 
consists of less than four atoms. 

Chemical Properties. —At .ovdimry temperatures the element is 
not affected by the air; when heated, it burns with a bluish-white 
flame to the trioxide. It combines with the halogens directlv, 
producing scintillations (§27). It is dissolved by hydrochloric 
acid, although very slowly, with the evolution of hydrogen, thus 
asserting its metallic character. Aqua regia dissolves it readily. 

Antimony is a constituent of various alloys. The most 
important of these is type-metftl, from which printer’s type is 
made. Its approximate compostion is lead (o0%), antimony (25^4) 
and tin (25%). • 


HYDROGEN ANTIMONIDE, STIBINE, SbHj. 


i66. Stibineis formed when nascent hydrogen acts on* a solu- 
b e antimony compound. It Is best prepared by treating an alloy 
0 one part of antimony and two parts of magnesium with dilute 
hydrochloric acid. The product consists principally of hydrogen, 
but contains 10-14% SbHg. If this gas mixture is passed 4hr()iigh 
a L-tubc and the whole is plunged in liquid air, stibine con- 
denses to a white solid mass, that soon melts. after the tube is 
removed from the liquid air. It vaporizes to a relatively stable 

gas e east trace of o.xygen, however, causes some antim(»hy 
to be deposited. 


an dectric spark is passed through stibine gas 'it explodes, 

iTTi' !■ volume of hydrogen liberated is found 

to be 1, times that of the stibine, which is in accord with the 
lormuia Sbti,. It ls also decomposed rapidly by heating tiie 
containing vessel above 150° i ^ b 
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Stibine has a characteristic inusty odor; quite unlike that of 
phosphine or arsine. 

When the mixture of hydrogen and stibine evolved from the 
allov of antimony is heated, as in the Marsh experiment (§ 157), 
it produces a metallic mirror and, when ignited, the flame gives a 
.spot on cold porcelain similar to that of arsenic, but differing from 
the latter in its darker color, insolubility in hypochlorite solution 
and less volatility when heated in a current of hydrogen. Stibine 
])i'ecipitates a black powejer from silver solution, consisting of a 
mixture of silver and silver antimonkle, AgsSb. 

Halogen Compounds of Antimony. 

167 . Two compounds of this element with chlorine are known: 
SbClj and SbClg. 

Antimony trichloride, SbCln, is obtained by treating antimony 
sulphide or oxide with concentrated hydrochloric acid. It forms 
a colorless laminar-crystalline mass, which is so soft that it was 
formerly known as “antimony butter’’ [butynm a?itvmonii). Its 
melting-point is 73.5° and its boiling-point 223.5 j its vapor 
density 7.8 (air = l) makes the formula SbCla. 

It dissolves in water containing hydrochloric acid. Water 
decomposes it, forming difficultly soluble oxychlorides. The 
composition of the precipitate depends on the amount and the 
temperature of the water used in the decomposition. There is 
evidence- of the existence of the compounds SbOCl and 
‘^bACla (- 2 SbOCl, SbaOg), both of which crystalli;^e. The pre- 
cipitated oxychlorides on being repeatedly boiled with water eventu- 
ally lose all their chlorine and go over into the trioxide, Sb 203 . 

Powdi^ of Algaroth, once used in medicine, is obtained by the 
decomposition of antimony trichloride with water and has nearly 
the same formula as the second of the above-mentioned oxy- 
chlorides. 

Antimony pentachloride, SbCls, is prepared by heating anti- 
mony in a current of chlorine or treating fused trichloride with 
chku'ine. It is*a yellow, fuming, ill-smelling liquid, which erys- 
tallftes at - 6 °. When heated it dissociates into the trichloride 
and chlorine. It unites with water, forming SbCIs-HsO and 
Hot water decomposes it into hydrochloric and 

pyroantimonic acids. 
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Oxygen Compounds of Antimony. 

i68. Three are known; aTitimony irioxide, Sb203, antimony 
tetroxide, Sb204, and antimony perUoxide^ Sb205. 

Antimony trioxide occurs as a mineral, senarm(mtiie. It can 
be obtained by burning antimony in the air, as well as by the 
oxidation of antimony with dilute nitric acid. It is dimorphic, 
occurring in both regular and rliombic crystals. 

It is a light yellow crystalline powder, almost insoluble in 
water. It volatilizes at 1560° the vapor density at this tem- 
perature corresponds to the formula 81)406. It is insoluble in 
sulphuric and nitric acids Itut easily soluble in hydrochloric and 
tartaric acids and in alkalies. On being heated in the air it turns 
to the tetroxide. 

The corresponding hydroxide is Sb(OH)3. This hydrate sepa- 
rates out when tartar emetic (sec below) is decomposed with 
dilute sulphuric acid. It gives up one molecule of water readily 
and passes over into the hydroxide 8bO-OH, meta-antimoniom odd. 

The latter is more easily obtained by treating a solution of the 
trichloride with soda solution: 

2SbCl3d-3Xa2C03+n20 = 2Sb0-0H+6NaCl+3C02. 

It appears as a white precipitate, which is converted into an- 
timonic oxide by boiling with water. This meta-antimonioiis 
acid is dissolved by alkalies, fomiing salts of the acid. One of 
them which has been obtained cry’stallized is the sodium meta- 
antiraonite, NaSbOa+dHsO. The latter is difficultly soluble in 
water, and decomposes on concentration of its solution. 

On the other hand, antimony hydroxide displays basic proper-, 
ties by uniting with acids to form salts. There are salts known of 
Sb(OH)3, as well as of SbO-OII. I^lxamples of the fonner kind 
are the crystallized anlimony sulphate, 8b2(804)3, and the niirdc, 
Sb(N03)3. In analogy with other trivalent metals double salts 
are known, e.g. KSb(804)2. As to the salts derived from SbO-OH, 
we may look upon the group SbO as taking the place of a uni- 
valent metal. Thus SbO-OH may be compared with KOH. bor 
this reaspn the group (SbO) has been given the name animonyl', 
one of Its salts is aniimonyl sulphate, (Sb0)2S04. The I'lost 
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fannliar antimonyl compound is tartar emetic, potassium antimonyl 
tartrate, 

which is employed in medicine. It is prepared by boiling acid 
potassium tartrate [cream of tartar) with antimony oxide and 
water; tartar emetic is readily soluble in water. 

ANTIMONY PENTOXIDE AND ANTIMONIC ACID. 

Antimonic acid, H3Sb04, is obtained by warming antimony 
with concentrated nitric acid and also by decomposing the pentar 
chloride with water. It is a white pfowder, almost insoluble in 
water and nitric acid; nevertheless, when moist, it turns litmus 
paper red. On heating saltpetre with powdered antimony the 
potassium salt of meta-ardimonic acid, I^bOa, is formed in an 
explosive reaction. • When this is boiled with water it dissolves, 
producing monopoiassnm orihoantimaniate, IvIl2Sb04; on fusing 
with potash potassium pyroautimoniate, K4Sb207, is formed, which 
dissolves in water, giving 2KOH and K2ll2Sb207+6H20. In the 
case of antimony, as in that of phosphorus, we meet with three kinds 
of acids belonging to the highest stage of oxidation; their formulae 
correspond to those of the analogous phosphonis compounds. 

Antimony pentoxide, Sb205 (molecular weight unknown), can 
be obtained by heating antimonic acid at 300°. It is a yellow 
amorphous powder, soluble in hydrochloric acid. If heated 
strongly it gives up part of its oxygen and goes over into anti- 
mony tetroxide, Sb204, a white powder that turns yellow on 
heating but resumes its original color on cooling. This tetroxide 
be regarded as antimonyl meta-antimoniate, SbOa-SbO. 

Sulphur Compounds of Antimony. 

169. Antimony trisulphide, Sb2S3, is found in nature (§ 165). 
can be made by leading hydrogen sulphide into a hydrochloric 
solution of the trichloride, from which it is deposited as an 
^'^^orphous red powder. It can be melted; on cooling it crystal- 
and takes on the appearance of stibnite. 

oxygen comiwund, SbjSjO, occurs in nature as hrmcsite, or red 
^Muiiuny, A compound of supposedly the same composition is obtained 
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by warming a solution of the trichloride with sodium thiosulphate; the 
preparation thus obtained bears the name kermes in pharmacy and antU 
vmny vermilion as a pigment. 

Antimony pentasulphide, is precipitated when hydrogen 
sulpliide is passed into the acidified solution of antimonic acid. 
It is more easily obtained by the decomposition of sodium sulph- 
antimoniate with dilute sulphuric acid. It forms an amorphous 
orange-red powder, which splits up into sulphur and the triaulphide 
on being strongly heated. It is insoluble in dilute acids; boiling- 
Jiot concentrated hydrochloric acid dissolves it, forming antimony 
trichloride, hydrogen sulphide and sulphur. In aqueous solutions 
of alkalies and their sulphides it dissolves easily with the fonnatioii 
of siilphantimoniates, M3SbS4 The best knowm of these is sodhm 
mhphantimoniaie, Xa3SbS4-i-9H20 (“ Schlippe’s salt”). It can 
be obtained by boiling antimony trisulphide . with sulphur and 
caustic soda solution. It crystallizes in large colorless tetrahedrons, 
is easily soluble in water (1 part by weight in 2.9 parts water at 
15 °) and reacts alkaline. It is decomposed by acids, depositing 
pentasulphide; even carbonic acid causes this, hence the crystals 
become covered with a yellowish-red coating of pentasulphide after 
having stood some time in the air. The free sulphantimonic acid 
is not kiiowm. 

BISMUTH. 

170. This element belongs undoubtedly among the metals, so 
far as its physical character is concerned; its chemical properties 
also class it with them in almost every respect, inasmuch as its 
oxides are mainly basic in their behavior. 

It is found chiefly in the native state; but a sulphide, Bi2S3j 
bismuth glance and a telluride, tetradymite, also occur in nature. 
Bismuth is obtained from the latter by roasting to the oxide Bi203 
and reducing with charcoal. The native metal is usually vei}' 
pure. If refining is necessary, the fused metal is allowed to 
over a hot, somewhat inclined iron plate, so that the impurities 
are oxidized. The amount of bismuth found in nature is not 
very great. 

Physical Properties , — Bismuth is externally very similar to 
antimony; it is crystallized and very brittle and has a metallic 
lustre, but differs from antimony in having a reddish-white cokf- 
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yp =9.823. It melts at 286.3° and boils above 1090°. It can 
be distilled in a current of hydrogen. 

Chemical Properties.-— At ordinary temperatures bismuth is 
unaffected by the air. On being heated it turns to the trioxide. 

It combines with the halogens directly. It is not attackc<l by 
hvdrochloric or sulphuric acid at ordinary temperatures, but nitric 
acid dissolves it readily to form the nitrate. On being heated with 
giilphuric acid; it gives off sulphur dioxide and forms the sul- 
phate. No hydrogen compound of bismuth is known. 

Bismuth is employed in the manufacture of easily fusible alloys 
suoli as are used in making casts of woodcuts, stereotypes, etc. 
The most common of these alloys are Newton’s metal (8 bismuth, 

5 lead, 3 tin; melting-point 94.5°), Rose’s metal (2 bismuth, 

1 lead, 1 tin; melting-point 93 75°) and Woon’s metal (4 bismuth, 

2 lead, 1 tin, 1 cadmium; melting-point 60.5°). 

Halogen Compounds. 

171. Compounds of the type BiNg only are known. Bismuth 
chloride, RiClg, is formed by direct synthesis from the elements, 
but more easily by dissolving bismuth in acpia regia. It is while 
and crystallized. Its melting-point is between 225° and 230° and 
its boiling-point at 435°. Its vapor density, 11.35 (air-1), gives 
it the formula BiClg. On being dissolved in a little water it forms a 
sli'upy liquid ; an excess of water gives bismuth oxychloride, BiOCl, 
an.l hydrochloric acid. This oxychloride is a white powder, in- 
soluble in water but soluble in acids. 


Oxygen Compounds. 

172, Four oxides are known: BiO, Bi 203 , Bi02 and BigOs. 

Bismuthous oxide, BiO, is obtained by adding an alkaUne stannous 
chloride solution to a solution of bismuth chloride. It is deposite 
as a dark-brown precipitate of BiO. When heated in the a.r it smolders 
like tinder. It is doubtful whether this precipitate is a homogeneous 
sulistance or a mixture of Bi,0, with finely divided bismuth. 


Bismuth trioxide, BiA, « the most familiar o.xide of this ele- 
ment. It has strictly basic properties. In order to prepare i w 
can heat the nitrate or carbonate or we can precipitate the hydroxide 
from the solution of a bismuth salt by means 0 a asc an 
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the precipitate. If a boiling solution of a bismuth salt is treated 
with caustic potash, the trioxide separates out in glistening needles 
of microscopic dimensions. Like the corresponding oxides of arsenic 
and antimony, it is dimorphic 

Bismuth dioxide, Bi02, has been little studied ; it is a reddish-yellow 
powder. 

Bismuth pentoxide, BijOs, is obtained by heating bismuthic acid 
(§ 173) to 130°. It is a brown powder that is very unstable and gives 
up oxygen when heated or when warmed with sulphuric acid. It does 
not form the corresponding pentachloride, BiClg, with hydrochloric 
acid, but gives free chlorine and the trichloride. 

Hydroxides and Salts. 

173. Bismuth hydroxide, Bi(OH)3, is obtained by precipitating 
a bismuth salt with an alkali. It is an amorphous white powdei', 
insoluble in potassium hydroxide or ammonia. At 100° it goes 
over into the compound BiO*OH with the loss of a molecule of 
water. Both of these hydroxides are wholly basic in characler, 
The salts derived from Bi(OH)3 are called neutral, those from 
BiO-OH basic. 

The neutral nitrate, Bi(N03)3, is obtained by dissolving bis- 
muth in nitric acid. It crystallizes with five molecules of water 
in large translucent triclinic prisms. It is deliquescent. The 
addition of much water converts it into the basic nitrates, several 
of which are known. By treating the neutral nitrate with about 
20 parts of boiling water a product is obtained whose composition 
is not perfectly constant for different preparations, but corresponds 
nearly to the formula (Bi2()3)6-(N20s)5-(H20)9, or 2Bi0X03 
+ Bi(N03)3+3Bi(0H)3. This is the bismuth subnitrate, which 
is used in medicine. 

Bismuth sulphate, 312(804)3, is obtained as an amorphous 
white substance when the metal is heated with concentrated sul- 
phuric acid. With water it forms a basic sulphate, Bi2(OH)4S04- • 

The potassium salt of bismuthic acid, KBiOg, is obtained when an 
almost boiling-hot solution of pota-ssium hydroxide (sp. g. 1.43) and 
potassium chloride, m which bismuth trioxidc is suspended, is dec* 
tmlyzed. A dark-red deposit separates out on the sides of the platinum 
dish (anode), having the above composition. By boiling it for .a very 
short time with concentrated nitric acid, the scarlet bismuthic acid 
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irf produced. At 100°-120® the acid loses its hydrate water and the 
color turns from red to brown and finally to black, oxygen being gradu- 
ally given off. If heated higher carefully, the entire mass turns deep 
brick-red suddenly at about 300^. This is an allotropic modification 
of the ordinary trioxidc, Bi^Og. (i.e. 2Bi02) can be considered 

as a basic bismuth salt of this acid: BiO-BiOj. 

Sulphur Compounds. 

174. Bismuth trisulphide is found in nature (§ 170); artificially 
it can be prepared by heating bismuth with sulphur or by leading 
hydrogen sulphide into the aqueous solution of a bismuth salt. 
In. the latter case it comes down as an amorphous black powder 
that is easily soluble in warm dilute nitric acid. It is insoluble 
in alkalies and their sulphides, hence forms no sulpho-salts. Wlien 
heated with an alkali sulphide solution to 200° it takes on a crys- 
talline form similar to that of the natural mineral. 

There is also a compound Bi^S,. It is obtained in gray needle-like 
crystals by fusing the elements together i[i the ratio of their atomic 
weights and suddenly cooling. 

SUMMARY OF THE NITROGEN GROUP. 

175. Like the halogens and the elements of the oxygen group, 
the elements just discussed, viz. nitrogen, phosphorus, arsenic, 
antimony and bismuth, also form a natural group. Their family 
relation shows itself even in the formula types of their compounds. 
The hydrogen compounds have the type RH3 (lacking with bis- 
muth), the halogen compounds RX3 and RX5 (the latter also lack- 
ing with bismuth), the oxygen compounds R2O3 and R2O5. In 
other words, the elements of this group are trivalent or pentivalent. 
We find here, just as in the groups previously studied, that, as the 
atomic weight increases, a gradual change occurs in the physical 
properties. This is shown by the following small table: 



N. 

p. 

As, 

Sb. 

Bi, 

Atomic weight. . . 

14.04 

31.0 

75.0 

120.2 

208.5 

Specific gravity. . . 
(Water = 1) 

0.885 

liquid 

1. 8-2.1 

4. 7-5. 7 

6.7 

■ 9.8 

w‘]fing-pomt. . . 

+ 44.4° 

ca. 500° 

+ 430° i 

+ 268° 


^194.4® 

+ 278° 

/ 

at white heat 

Tolor. . 

colorless 

yellow or red 

1 

gray 

white 

pmk 
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In th& chemical properties, also, regular variations are to be 
observed, all of which can be summed up in the general statement 
that the metalloid character gives way to the metallic character 
as the atomic weight increases. Nitrogen forms either indifferent 
or acid-forming oxides only; so does phosphorus; arsenic, on ({i| 
contrary, displays a very feebly basic character in^arsenious oxide, 
since this oxide forms the trichloride with hydrochloric acid, tire 
trichloride reacting inversely with water, however, and breaking 
up into hydrochloric acid and arsenious oxide. In antimony 
trioxide this basic cliaracter is a little stronger; some salts and 
double salts of it with acids are known. The corresponding chlo- 
ride does not suffer an immediate hydrolytic dissociation with 
water, but oxychlorides are formed, which require a great deal 
of water to convert them entirely into the trioxide. While the 
highest oxides of arsenic and antimony have strictly acid proi> 
erties, with bismuth the acidic nature has practically disappeared; 
the oxide lli^Os has exclusively basic properties and the higher 
oxide Bi2()5 acts like a peroxide, giving off oxygen readily (it 
generates chlorine with hydrochloric acid) and going over into 
tlie lower oxide Bi2()3. l^ismuth trichloride, BiCla, gives the oxy- 
chloride, BiOCl, witli water and this is not decomposed by an 
excess of water. 

In the hydrogen compounds, too, the gradual change of the 
properties is very apparent. Consider the stability for example; 
ammonia requires a very high temperature for decomposition; 
phosphine and arsine a much lower temperature; stibine is unstable 
at ordinary temperatures when it comes in contact with oxygen, 
and the hydrogen compound of bismuth is so unstable that tlic 
conditions for its formation and existence have not yet 1)cen 
ascertainable. A similar change is noticeable in their ability 
to form XH4 ions in aqueous solutions; it is strong in ammonia, 
much weaker in phosphine and wholly absent in arsine and 
stibine. 

In the sulphur compounds a progressive change of color is 
observed. r2S5 is bright yellow, As2l^5 deep yellow, Sb2S5 red 
and 612^5 black. The first three are sulpho-anhydrides of suljdn)- 
acids (§ 164); bismuth sulphide is not, however, thus displaying 
again the more basic nature of bismuth. 



CARBON. 


237 


176.] 

CARBON. 

176 . Carbon occurs in nature both free and combined. In 
combination it is found in large quantities in the salts of carbonic 
^'id. above all in calcium carbonate, limestone, which is of the 
widest occurren(;p and is even known to form great mountains. 
Farther, carbon is one of the constituent elements of animals and 
plants. It is found in these in numerous compounds. Still larger 
is the number of artificially prepared carbon compounds, The com- 
pounds of carbon exceed in number all other compounds together. 
For this reason and because of the peculiarities of the carbon 
compounds it is customary to treat them by themselves, as “ organic 
chemistry.” However, that we may be able to obtain a general 
survey of the elements, it is deemed advisable to discuss certain 
compounds of carbon in inorganic chemistry as well. 

Allotropic Forms of Carbon. 

We know of thn^c;: diamorul, graphite and amorphous carbon, 
{a) Diamond. — Lavoisier proved that this- mineral consists of 
carbon. 

.U early as the seventeenth century Anselm us de Hoot and New- 
Tov suspected that the diamond must be capable of burning because 
of it-s strong refractive power; not, however, until the year 1694 were 
c\[xu‘iment 8 on this point undertaken. At the instigation of Cosmos III., 
brand Duke of Tuscany, Averam and Targio.m, members of the 
Academia del Cimento at Florence, then discovered that a diamond 
would burn in the focus of a concave mirror. Subsequently Francois 
Etienne de Lorraine found that it also burns in a blacksmith’s forge. 
As the diamond was then almost universally regarded as a very pure 
sort of quartz, these observations were little heeded. In the years 
1766-1772, however, experiments were again instituted with wonder- 
ful cure and precision by numerous French scholars in co-operation 
(among .,them d’Arcct, Kouelie, Cadet, Macquer and L.avoisier), 
If* whom the leading Parisian jewelers at first furnished diamonds with- 
out cost. Their investigations revealed that diamond when heated 
^way from air remains unchanged, but burns on the admission of air. 
hater Lavoisier showed that carbon dioxide is formed from this com- 
bustion, and in 1814 D.avy proved that, when diamond burns, nothing 
than this gas is formed, so that ^diamond must be pure carbon, 
h^urther, it was found by Krause in 1890 that, when the carbon dioxide 
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given off by the combustion of diamond is absorbed by sodium hy. 
droxkle, a soda is produced which is in every respect identical with 
ordinary soda. Finally it has been possible to manufacture diamonds 
from amorphous carbon (sec below). 

The diamond crystalliacs in the isometric system. UsuaHyJt 
is colorless, but yellow and black diamonds are^also known; *e 
black ones are called carbonado. The specific gravity of diamond 
is 3.50-3,55. It is a poor conductor of heat and electricity. The 
refractive index is very high: n=2,42. The diamond is so hard 
that it scratches all other minerals. If it is subjected to a 
very high temperature in the absence of air, it gradually turns to 
graphite. It resists the action of the strongest oxidizing-agents, 
e.g. a mixture of nitric acid and potassium chlorate. 

In 1893 Moissan succeeded in making diamonds artificially, 
although they were very small, the largest being about 0.5 mm. in 
diameter. His method consists essentially in dissolving carbon 
in molten iron at a high temperature and then cooling it rapidly 



Fig. 43. — Artificial Diamonds (Magnified). 

This is accomplished as follows : Iron’ is brought in contact with 
pure carbon (sugar charcoal) in the electric furnace at a high tein* 
perature. After the iron has become satiu’ated with carbon at 
abou,t 3000°, the fused mass is suddenly coojled by pouring it into 
a hole drilled in a copper block, which is kept cold by water, and 
at once covering the cavity with an iron stopper. When the won 
is all cold it is dissolved away by acids, ■ leaving the carbon which 
did not combine with the iron. This residual carbon consists 
partly of small diamonds, which are identical with the natural 
diamond in hardness, crystal form, etc. Fig. 43 presents aii 
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(!iilarged view of some artificial specimens; they display the same 
properties as the rough natural diamonds, particularly the rounded 
edges and angles and the striations. 

The formation of the diamond by this method has been explained 
^by Bakhuis Roozeboom as follows : In all probability the transition 
of diamond into graphite is endothermic. For this reason diamond 
is tlic more stable form at lower temperatures, graphite at higher 
ones, in analogy to the rhombic and monoclinic modifications of 
sulphur. But, while the A^elocity of transformation of mon(;clinic 
sulphur is fairly great at low temperatures and the monoclinic 
sulphur can thus exist only for a short time below its transition 
point, the transition velocity of graphite into diamond is practically 
zero for temperatures below 1000°. Carbon that has crystallized 
from molten iron in the form of graphite cannot, therefore, pass over 
into diamond. The rapid cooling of the molten iron, however, 
has the effect of bringing the carbon into the region of temperature 
in which diamond is the stable modification; it can therefore 
separate in this form from its solution. 

The electric furnace that Moissan used for these and numerous 
other experiments is very simple in construction. It consists of two 
blocks of unslaked lime that fit tightly together. In the lower block 



Fia. 44.— Moissan’s Electric Furnace (Cross-section). 


there is a trough in which the carbon terminals are laid. The upper 
block is slightly hollowed out on its lower side so as to reflect the heat 
rays on to the crucible. Fig. 44 shows a cross-section of an electric 
furnace, Fig. 45 a picture of the same apparatus in operation. 

The temperatures obtained in the electric furnace are as follows: 



tt n 
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The last-named temperature can however only be maintained for a 
brief period, as the unslaked lime soon melts and flows like water. At 
2500° the lime becomes crystalline in structure after a few minutes. 

(5) Graphite is also crystallized carbon. Unlike diamond, it is 
very soft and opaque and a good conductor of heat and electricity^ 
Sp. g. =2.09-2.23. As was stated above, graphite can be pre- 
pared artificially by the crystallization of carbon from molten iron 
and by heating diamond strongly. There are various kinds of 
graphite. If graphite is treated with a mixture of perfectly dry ' 



Fkj. 45. Moissan’s Furxace ix Ocekation. (After Moissan.) 


potassium chlorate and very concentrated nitric acid, it turns to a 
yellow cry-stallized substance containing hydrogen and oxygen, in 
addition to carbon, and. called gmifiiitiQ acid. This substance is 
peculiar m that it decomposes explosively on heating and yields a 
large volume of extremely fine amorphous carbon. Graphite is 
used in the manufacture of lead pencils, crucibles, polishes, etc. 

(c) Amorphous Carbon. — This is obtained iii the purest statp 
by charring sugar. The resulting mass is boiled with acids to 
remove the mineral matter and finally heated red-hot in a current 
0 c 1 orine for quite a while to remove all the hydrogen. It can 
also be prepared from soot. Amorphous carbon is opaque, bbek 
and infusible. At the highest temperature that Moissan could 
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reach with his furnace by employing a current of 2000 amperes 
and 80 volts (obtained with a 300 horse-power engine) it was barely 
possible to make carbon sublime. The sublimate was graphite. 
Amorphous carbon has a specific gravity of 1. 5-2.3. 

Various sorts of amorphous carbon are known. They are 
probably different allotropic modifications, or mixtures of such. 
Gas cxirhon and coke are obtained as residues in tlie dry distilla- 
tion of coal. They conduct Imat and electricity. Wood charcoal 
is very porous and can condense large quantities of gases in its 
pores, e.g. 90 times its own Volume of ammonia. When warmed 
or when the pressure is reduced, tliese gases all escape again. 
Bone-hktck is obtained by heating bones away from air; the result- 
ing black mass is treated with hydrochloric acid to remove the 
phosphat^ and carbonates present. It has the power of absorbing 
coloring-matter and certain salts, e.g. lead salts, from liquids. 
The charcoal obtained from the dry distillation of sugar is noted 
for its peculiar lustre. These different sorts of charcoal do not 
consist of pure carbon but contain other substances in small pro- 
portions. It is a general rule that carbon conducts heat and elec- 
tricity better the longer it has been exposed to a high temperature. 

177 . The various kinds of carbon all find their respective uses. Soot, 
or lampblack, serves for the preparation of India ink and black paint. 
Gas carbon (coke), being a good conductor of electricity, is used in the 
electrical industry. Wood charcoal is used in the manufacture of gun- 
powder; animal charcoal, or bone-black, as a water-filter to remove color- 
ing-matter, ill-smelling gases or injurious salts (lead salts) from drink- 
ing-water; it is al 30 _^ employed in enormous quantities in sugar refineries 
to decolorize sugar liquids. 

By far the most important use of carbon is as a f u e 1 . The heat 
generated by the burning of coal warms our houses, drives our steam- 
engines, etc. 

The principal kinds used as fuels are charcoal, coke, anthracile coal, 
bitiiminoa^ coal, brovm coal (lignite) and peat. 

Charcoal (wood charcoal) is made on a large scale by the colliers, 
koiig sticks of wood are piled in a large heap, covered with sod and 
ignited at the bottom. The wood smolders away slowly and becomes 
completely charred. This “ charcoal-pit ” process is not at all economical, 
ina.srnuch as all the volatile products are lost; it is carried on exten- 
sively (Fig. 46), but it is being more and more replaced by the dry dis- 
tillation of wood from iron retorts, in which process the gaseous and 
tarry products are recovered. 
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Coke is the residue in the retorts of the gas factories after the coa] 
has been deprived of its volatile products by heating. It is also manu. 
factored on a large scale for metallurgical and other purposes. 

Peat and the various coals owe their origin to the same geological 
process, the slow decay of plant- remains in the absence of air. Peat is 
the youngest formation and anthracite coal the oldest. During this 
transition carbon dioxide and methane, CH^, are given off and the residue 
becomes richer in carbon and poorer in hydrogen and oxygen than the 
corresponding chief constituent of plant tissues, cellulose. The follow- 
ing table shows this: 



Carbon. | 

Hydrogen. 

Oxygen. 


. 50.0% 
tiO.O 

6,0%- 1 
5.9 . 

44.0% 

34,1 

Peat 

Brown coal 

67.0 

5.8 1 

^7.2 
*8 3 

Can n el coal 

85.8 

5.8 

Anthracite coal i 

! 94,0 

3.4 1 

2.6 


The plants of which these formations originally consisted are different. 
Peat appears from its structure to have come chiefly from swampy 
growths, mosses and the like; mineral coal from extinct plants, gigantic 
horsetails (equiseta), lepidodendra and sigillariae. 

Molecular and Atomic Weight of Carbon.— Chemical Properties. 

178. The carbon molecule contains a large number of atoms. 
It has not yet been possible to determine how large this number 
is. It is supposed that graphite has a larger number of atoms 
to the molecule than amorphous carbon, and diamond more than 
graphite, since graphite and diamond are less easily attacked by 
chemical reagents and because they are denser. 

A determination of the vapor density of carbon is of course 
out of the question. The measurement of the melting-point 
depression that carbon produces in iron is also impracticable; 
however, it is known that even a small percentage of carbon causes 
a considerable lowering of the melting-point of iron. 

It can be shown in the following way, however, that the number 
of atoms in the carbon molecule must be very great. By the 
oxidation of amorphous carbon with potassium permanganate 
mellUic add is formed, which contains 12 carbon atoms to the 
molecule. This makes it quite probable that the carbon mole- 
cule contains at least 12 atoms, for in the oxidation of organic 
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suteUnccs the products almost always contak either a smaller 
or the same number of carbon atoms to the molecule For the 
Wlowmg reason it is, however, to be supposed that the number 
of atoms m tte carbon molecule is much greater than 12. When 
mph-gas, CH4, is passed through a red-hot tube, ethylene, C2H4 
. formed among other things. If this is then treated in the same 
wy, acetylene, is obtained, and from this again benzene, 
CoHe On conducting benzene vapor through a glowing tube, 
miphthakne, CioHj, pyrem, CieHio, etc., are formed If either 
of the latter is heated still higher (in the absence of air) carbon 
16 deposited. We thus see that as the temperature rises the num- 



Fig. 46. — Charcoal Pit. 


er of carbon atoms in the molecule steadily increases. The 
Mai product of these operations, carbon, will therefore probably 
wtam a considerably larger number of atoms in its molecule 
than naphthalene or pyrene. 

Carbon can unite directly with many elements. At ordinary 
^inperatures it combines with fluorine only. Moissan intro- 
ampblack into fluorine gas, and the carbon commenced 
^ ^ ow, when fluorine was present in excess carbon tetrafluoridey 
was formed. 

Hydrogen combines with carbon directly to form acety- 
). \ ^ small quantity of marsh-gas, when an electric arc is 

fiarhons in an atmosphere of hydrogen. Of 
hes ^ compounds consisting of only carbon and hydrogen 
T ^ ones which can be obtained by direct synthesis, 

analogous conditions carbon unites with chlorine to 
perchloroethane, C2CI6, and hexachlorobenzene, CgClg. 
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Oxygen unites with carbon at an elevated temperature to 
form carbon monoxide, CO, or carbon dioxide, CO 2 , according as 
carbon or oxygen is in excess. If sulphur vapor is passed over 
red-hot coals, carbon diKul])hidc, CS 2 ; is produced. 

The elements of the nitrogen group, N, P, As, Sb and 
Pi, do not combine with carbon directly. Silicon and car- 
bon unite at the temperature of the electric furnace to form CSi, 
carborundum f which is so hard that it can be used as a powder for 
jx>iishing glass and precious stones. 

Moissan has also found that many metals are able to com- 
bine with carbon at a very high temperature, forming carhidet 
This was formerly known to be true of iron and certain other 
metals. 

The difference in the behavior of these carbides towards water is 
interesting. Iron carbide is unaffected by it; calcium carbide gives 
acetylene, C 2 H 2 ; aluminium carbide yields methane; other carbides 
give mixtures of the two hydrocarbons; uranium carbide produces 
methane and also liquid and solid hydrocarbons. 

179 . The atomic weight oj carbon has been determined with 
great accuracy by Dumas and Stas. Carefully dried oxygen was 
passed through a porcelain tube containing a platinum boat, which 
held some graphite or diamond and which had previously been 
weighed with its contents. The tube was heated red-hot and the 
carbon dioxide resulting from the combustion of the carbon w'as 
absorbed in potassium hydroxide. By weighing the boat vith 
its contents after the experiment the amount of carbon burned 
could be determined; by weighing the absorption apparatus before 
and after, the amount of carbon dioxide was readily found. The 
averages for the different serie.s of experiments, each of which 
showed little variation, were as follows : 

Ratio by weight of carbon to oxygen in carbon di- 
oxide from the combustion of: 

Natural graphite 2 . 9994 : 8 . 0000 

2.9995:8.0000 

Diamond 3.0002:8.0000 

The ratio of carbon to oxygen in carbon dioxide is thus very 
close to 3:8. As the specific gravity of carbon dioxide point.'^ fo 
a molecular weight of 44 for this gas, it must contain, according 
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to this ratio, 12.00 parts by weight of carbon and 32 parts of 
oxygen. The formula is therefore CO. Inasmuch as no carbon 
compound is known whose molecular weight includes less than 12 
parts of carbon, we have CO 2 as the formula; hence the atomic 
weight of carbon must be 12.00 for 0 = 16 . 

Compounds with Hydrogen. 

180 . Carbon and hydrogen form a very large number of com- 
pounds (hydrocarbons), which are more fully discussed in organic 
chemistry. A very small number will be treated here briefly. 

Methane, also called rmrsk^as and fire^mp, is the only hydro- 
carbon with juSt one atom of carbon. It occurs in nature in 
volcanic ga^es; moreover, it gushes out of the ground in the neigh- 
borhood of the oil-wells at Baku and various places in America. 
It is an important constituent of ‘'natural gas.” It owes the 
name “marsh-gas” to the fact that it arises from swamps, especially 
when the decaying vegetation at the bottom is stirred up. It 
is called “fire-damp” because it occurs in coal beds (p. 242), from 
which it escapes when they are broken up. It forms a violently 
explosive mixture with air, which is frequently the cause of mine 
explosions. Methane results from the dry distillation of many 
organic substances ; hence its occurrence in illuminating-gas in 
a considerable amount (30-40%). A direct synthesis of it has 
already been mentioned (§ 178). Ordinarily it is prepared b^^ 
heating sodium acetate with soda-lime: 

CgHgOaNa + NaOH = CH 4 + Na^COs. 

Sodium acetate, 

Bhrthelot obtained it by conducting a mixture of hydrogen 
sulphide and carbon disulphide over red-hot copper: 

2 H 2 S -h CS 2 + 4Cu = 4CuS + CH4. 

Since both carbon disulphide and hydrogen sulphide can be 
^l^tained by synthesis from their elements, this reaction can be 
^^oiisidered as a synthesis of methane. 

i^hysical Properties, — Methane is a gas without color or odor. 

specific gravity, 7.98 (H==l), corresponds to the formula CH4. 
When liquefied it boils at —155° under ordinary pressure. It 
freezes at -185°. Water dissolves it but little (0.06 vol. at 6 °) 
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Chemical Properties.— Methme burns with a faintly luminous 
flame. It requires a high temperature to break it up. The spaiia 
of a powerful induction coil or the electric arc are able to dissociate 
it into its components, acetylene, C 2 H 2 , being also formed, how- 
ever. If mixed with chlorine the hydrogen is gradually replaced 
by chlorine and we obtain accordingly CH 3 CI, CH 2 CI 2 , CHCl^ and 
CCI 4 . A mixture of 1 vol. CH 4 and 2 vols. CI 2 explodes wlien 
exposed to the light, forming 41101 and depositing carbon. 
Methane has neither basic nor acidic properties. 

Ethylene, C 2 H 4 , is obtained by heating alcohol with sulphuric arid. 
It is a gas, condensable to a liquid which boils at —103° and congeah 
at —160°. It has a rather sweet odor and burns with a luminous flame. 
When conducted into bromine, it quickly forms the bromide C 2 H 4 Br 2 . 
It is slightly soluble in water and alcohol. It is contained in. illumi- 
nating-gas. 

Acetylene, CjHj, is a colorless gas of a disagreeable odor. It is 
soluble in an equal volume of water at 18° and becomes liquid at 18“ 
under 83 atmospheres. Its hydrogen atoms are replaceable by metals. 
It is manufactured by decomposing calcium carbide with water: 

CaCa +2H20-Ca(0H)3 +C 2 H 2 , 

. Calcium carbide is prepared by heating coke with unslaked lime 
(CaO) in the electric furnace. The calcium formed by the action of 
carbon on lime unites with carbon at the high temperature of the fur- 
nace to form CaC 2 . Acetylene burns with a vivid flame on coming 
out of a small orifice under pressure. Since it can be prepared from 
calcium carbide pretty cheaply, it is used rather extensively in small 
systems for illuminating purposes. When mixed with air and Igniicd 
it explodes vehemently; the compounds with metals are also explosive. 
It is endothermic and can be exploded by fulminating mercury. 

The combustion of acetylene is another illustration of the rule of 
§ 137, that reactions are in most cases of a simpler nature than the 
chemical equations indicate. The equation here is: 

2C2H2 + 502=4C02+2H20. 

According to this equation the combustion should be septimolccular. 
Bone and C.\in proved, however, that the reaction has more than ons 
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stage, the first stage being represented by the bimoleeular equation: 

CoH2+02=2C0+H2; 

CO and then burn further to CO 2 and HjO. 

From a kinetic standpoint, it is quite conceivable that polymolecular 
reactions should be rare, for the probability of a large number of mole- 
cules coming together in just such a way that a reaction can take phice 
is indeed very slight. The reaction is more likely to proceed in a way 
which involves the interaction of only very few molecules. 

Compounds with the Halogens. 

18 1. Of these we shall mention only carbon tetrachloride, 
CCI 4 , which is obtained among other ways by the continued action 
of dilorinc on methane. It is a stable compound, a liquid wdth 
an odor like chloroform. Boiling-point 76°. Sp. g. = 1.593 at 
20 °. 

At ordinary temperatures it is not attacked by water ; however, 
when the two are heated together at 250° in a sealed tube, carbon 
dioxide and hydrochloric acid are formed. 

Compounds with Oxygen. 

Two oxygen compounds of carbon are known : carbon monoxide, 
CO, and carbon dioxide, CO2. 

CARBON MONOXIDE, CO. 

182. This gaseous compound is always formed when carbon 
burns in a limited supply of air or oxygen. A number of carbon 
compounds also yield carbon monoxide when burned under this 
same condition. It can also be obtained by the action of carbon 
on oxygen compounds, e.g. by heating zinc oxide, ZnO, with 
carbon. On passing steam over red-hot coals a mixture of hydrogen 
and carbon monoxide is produced: 

C+HaO^CO-^Hg. 

This mixture goes by The name oi water-gas. It is used on a large 
scale for heating and lighting, especially in America. For the latter 
Pnipose it is charged with the vapor of hydrocarbons rich in carbon, 
since its own flame is not luminous. The use of the incandescent gas- 
%bt (§291) makes this carburetting” unnecessary. 
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Carbon monoxide is also formed by the i eduction of carbon 
dioxide with red-hot carbon: 

C+C02=2C0. , 

This reaction is limited by the reverse one and we have here a 
case of balanced action expressed by 

C-fC02^2C0. 

In view of the caloric effect of the reaction, 

2CO = C+C02+3900 Cal., 

an elevation of temperature must, according to Le Chatelier’s 
rule (§ 51), increase the amount of carbon monoxide; a depression 
of temperature, the opposite. Experience has shown this to be 
actually the case. As the temperature rises the quantity of carbon 
monoxide increases rapidly and at 1000^ there is still a very small 
amount of dioxide. At 445°, on the other hand, practically all 
the carlxm monoxide is changed into carbon dioxide and carbon. 
This result is surprising, because the same change should also 
occur at lower temperatures; nevertheless, carbon monoxide seems 
perfectly stable at ordinary temperatures, even as high as 200° 
The cause of this phenomenon must, as in analogous cases, be 
sought in the very great retardation of the velocity of the reaction 
2(X)->C02 + C when the temperature sinks. On using certain 
cataHzers, e.g. finely divided nkhel, the velocity of the reaction 
2(’0^(X)2+C becomes measurable as low as 256°. 

Ibesc measurements have shown that the decomposition of 
carbon monoxide into carbon dioxide and carbon is not a bimolecu- 
lar reaction, as would be expected from the above equation, l)iit 
a unimoleeular one. To explain this it may be suggested that 
the decomposition takes place in two stages: L CO=C4 0; 
II, C0 + 0=C02. If we assume that the second stage has an 
infinite velocity, it Ls only the first that is really measured, i.c. a 
unimoleeular reaction. 

The reduction of salts of carbonic acid also furnishes a method 
of preparing carbon monoxide. If chalk (CaCOa) or magnesite 
(MgCOs) is heated with zinc dust, pure carbon monoxide is formed: 

CaCOs + Zn = CaO + ZnO + CO. 
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Physical Properties. -Carbon monoxide is a colorless, odorless 
gas of a specific gravity of 0.967 (air = 1). It is hard to condense, 
its critical temperature being -139.5° and its critical pressure 
35.5 atmospheres. It boils at -190° and solidifies at - 211 °. It 
is only slightly soluble in water. 

183 . Chemical Properties . monoxide burns with a 
characteristic blue flame to carbon dioxide. 

It is a remarkable fact that this combustion occurs with ease 
only when the gas is moist; if it and the oxygen also are carefully 
dried, the action is very greatly retarded. A carbon monoxide 
flame goes out, for instance, when it is introduced into a flask of 
oxygen whose walls are sprinkled with concentrated sulphuric 
acid (§ 38). 

Carbon monoxide can unite with chlorine directly to form 
phosgene, COGI 2 , and also with sulphur (at an elevated tempera- 
ture) to form carbon oxijsulphide, 00^:5; both compounds arc 
gaseous. Again, it unites directly with nickel and iron, giving the 
compounds Ni(CO )4 and rc(CO )5 (§§ 214 and 311). 

On account of its tendency to combine with oxygen, it displays 
strong reducing power, especially at high temperatures. Thus 
metallic oxides, like Fe 203 , CuO, etc., are easily converted into the 
metals when hot. Some compounds are reduced by carbon mon- 
oxide even at ordinary temperatures. Palladium is precipitated 
from an aqueous solution of palladious chloride and an ammoniacal 
silver solution (prepared by dissolving silver oxide in ammonium 
hydroxide to the point of saturation) is turned black by the gas 
on account of formation of the metal. Both of these reactions serve 
for the detection of carbon monoxide. 

An ammoniacal cuprous chloride solution absorbs the giis 
because of the formation of a conipouiid, Cu 2 Cl 2 -C 0 + 2 H 20 , 
which can be isolated in the crystalline state but decomposes again 
very readily. 

Carbon monoxide is very poisonous, for it unites with the hm- 
aioglobin of the blood, forming carhonyNhcemoglohin, and thereby 
prevents it from combining with oxygen to form oxyJumoghbin, 

The composition of carbon monoxide can be determined by 
exploding a mixture of the gas with oxygen. It is then found that 
2 vols. CO unite with 1 voB O 2 to form 2 vols. CO 2 . This together 
the vapor density establishes the formula as CO. 
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CARBON DIOXIDE, CARBONIC ACID ANHYDRIDE, COj. 

184 . Til is compound occurs not only by itself but also in com- 
bination. It is a regular constituent of the air (§ 106); many 
mineral waters contain the free gas; in some places of the earth 
(in the Dog’s Grotto at Naples and the famous Poison Valiev in 
Java) it comes up out of the ground and it is also found in volcanic 
exhalations. The moist minerals and rocks contain numerous 
extremely small cavities, partly filled with liquid carbon dioxide. 
Combined, it occurs in large quantity in the carbonates of lime 
and magnesia (§ 176). 

Carbon dioxide results from the combustion of carbon in an 
excess of oxygen and also from the direct decomposition of many 
salts of carbonic acid {carbonates) by heat: 

2 NaHC 03 = Na 2 C 03 + H 2 O + CO 2 ; CaC 03 = CaO + CO 2 . 

Sodium bi- 
carbonate. 


Moreover, it is fonned when a carbonate is decomposed by an 
acid: 

NasCOg + 2HC1 = 2NaCl + H 2 O + COg. 


By the action of oxygen at high temperatures all carbon com- 
pounds are burned with the fonnation of carbon dioxide. It is 
also produced by the action of carbon on oxygen compounds, e.g. 
by heating powdered charcoal with an excess of copper oxide; 
finally also by the interaction of carbon compounds and oxygon 


compounds. This latter action is the basis of the general method 
for determining the proportion of carbon in organic substances: 
they are heated together with copper oxide and the carbon dioxide 


fonned is absorbed in a weighed amount of caustic potash. 

Physical Properties. Carbon dioxide at ordinary temperatures 
and pressures is a gas with a somewhat pungent odor and taste. 
^P* g- = 1.529 (air=l). It is thus about half again as heavy as 
air, so that in those places where it comes out of the earth, as in 
the Dog s Grotto at Naples, it stays in a layer close to the gi’ound 
anri a dog/for instance, is suffocated while a man can breathe 
with comfort. Carbon dioxide is easily condensed, becoming 
at 0 under 35 atmospheres pressure. Its critical temperature is 
31.35 and its critical pressure 72.9 atm. Liquid carbon dioxide 
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liquid carbonic acid is manufactured in great quantities and 
brought on to the market in steel bottles (bombs). It is a very 
mobile liquid, which is not miscible with water in all proportions. 

If the liquid is allowed to escape from the bomb into a coarse 
linen bag (by inverting the bomb and opening the valve), part of 
it vaporizes, absorbing hereby so much heat that the remainder 
solidifies in white flakes. A mixture of this solid carbon dioxide 
^vith ether, alcohol or acetone is often used as a freezing-mixture; 
it enables us to obtain a temperature of -80®, and even -140® 
in ixicuo. When liquid carbon dioxide is cooled down in a sealed 
tube, it congeals to an icy mass, which melts at -65°. 

At 15° carbonic acid gas dissolves in its own volume of water 
(more accurately 1.0020 voh); at 0° in 1.7967 vol. In alcohol it 
is still more soluble. 

Chemical Properties.— Caihon dioxide is a very stable com- 
pound; it is only decomposed by intense heat (1300°) or by the 
continued action of induction sparks, breaking up into oxygen and 
carbon monoxide. This decomposition never completes itself, for 
just so soon as a certain amount of these gases have been formed, 
they reunite with explosion. At the moment before the explosion 
the amount of carbon dioxide still present becomes no longer suffi- 
cient to dilute the mixture of oxygen and monoxide enough to 
hmder an explosion; the explosive Innit is reached. 

Carbon dioxide cannot be farther oxidized j it is therefore not 
combustible. In general it cannot support combustion either. 
There are, however, certain substances that take up oxygen from 
it when hot; if carbon dioxide is mixed with hydrogen and passed 
tlirough a red-hot tube, carbon monoxide and water are formed; 
when led over glowing carbon or when heated with phosphorus it 
is reduced to carbon monoxide. If a buniing magnesium ribbon 
is lowered into carbon dioxide, the oxide of the metal is fomed 
and free carbon is deposited; the same thing happens when sodium 
or potassium is heated in dry carbon dioxide. ■ i v 

The aqueous solution of carbon dioxide reacts a trifle acid; it 
is supposed that this solution contains a compound H.LOa, o 
which many salts are known. This acid, carbonic acid, not 
yet been isolated in the free state, liowever, since it gives off gaseou 
carbon dioxide (“carbonic acid gas”) when the solution is oi 
or frozen. If its salts (carbonates) are treated with an aci , no 
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H2CO3 is obtained either, for it breaks up forthwith into water 
and carbon dioxide. Carbonic acid is a very weak acid; it is 
liberated from its salts by almost every other acid. By adding 
hydrochloric acid to a carbonate H‘ ions are introduced into the 
liquid and they unite with the CO3" ions to form integral H^COg 
molecules. These, however, break up largely into water and 
carbon dioxide, the latter of which can only remain in solutK)n 
up to a certain amount at a constant pressure, so that all in excess 
of this passes out. As a result the concentration of the H2CO3 
molecules cannot exceed a definite and, in this case low limit 
Since, however, the ionization of these molecules is very weak 
in reality all of the carbonate is decomposed by the strong acid 
(§ 73). 

The neutral carbonates of the alkalies are soluble in w^ater 
giving an alkaline reaction, as a result of partial hydrolysis (§ 66). 
The acid, H2CO3, is a weak acid, although its salts, c.g. K2CO3, 
are strong electrolytes. A solution of such a salt, therefore, con- 
tains a large number of CO3'' ions, part of which must unite with 
the H* ions of the water in order to establish the equilibrium be- 
tween carbonic acid and its ions, d'he result of this is that other 
molecules of water must be split up into ions in order to com- 
pensate the loss of H ions. This leaves in the liquid a certain 
number of OH ions, which are not balanced by an equal number 
of H ions, ihe liquid therefore acquires an alkaline reaction. 

Ihe carbonates of the other metals are insoluble in water; 
however, the acid carbonates are mostly soluble. Calcium carbo- 
nate, e.g., dissolves in water containing carbonic acid. The solu- 
tions of such acid carbonates give off carbon dioxide on merely 
boiling, however, and the neutral carbonates are preci};)itatc(l. 
In the solid state also the acid carbonates give off carbonic acid 
gas very readily on warming. 

Composition of Carbon Dioxide. — In connection with what was 
stated m § 179 it is an important fact that no change of volume 
occurs when carbon burns in an excess of oxygen: 

C + 02=C02. 

1 vol. 1 vol. 

A still higher oxygen compound of carbon is known, although only ia 
the form of a salt, potassium percarbonate, K,G, 0 ,. It is prodiK-ed 
by the electrolysis of a saturated potash solution at - 15 °; this syn- 
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thesis may be conaidered as analogous to that of persulphuric acid 
(§91). Here the potash is split up in K* and KCO/; the latter ions 
are discharged at the anode and two of them unite to form K C 0 . 
It separates out as a sky-blue precipitate, which after being dried in a 
phosphorus pentoxide desiccator is a light-blue powder consisting of 
and Even gentle warming decomposes the percarbonate : 

It acts therefore as a strong oxidizing-agent; it oxidizes lead sulphide 
to the sulphate, bleaches indigo, etc. Manganese dioxide and lead 
peroxide are converted into the respective carbonates in a vigorous 
reaction, in which case it acts as a reducing-agent. 

Other Carbon Compounds. 

185 . Carbon disulphide, CS 2 , is prepared by direct synthesis, 
by passing sulphur vapor over red-hot charcoal. It is a highly 
refractive, almost colorless liquid, having an ethereal odor when 
pure. It boils at 46°, is insoluble in water and has a specific 
gravity of 1.262 at 20°. Carbon disulphide is poisonous and ex- 
tremely inflammable, hence a very dangerous liquid to handle. 
It is an invaluable solvent for fats and oils and is therefore used 
on a large scale for the extraction of these substances. It is also 
used in vulcanizing rubber and as an insecticide. Carbon di- 
sulphide is endothermic ; it can be made to explode by fulminating 
mercury; nevertheless under ordinary conditions it is quite stable. 

Carbon disulphide is a sulpho-anhydride (§ 164) With alkali 
sulphidecj'ft forms sulphosalts, trithiocarhonates: 

BaS+CS2 = BaCS3. 

Ba-lrithio- 

carbonntc. 

The barium salt is yellow and difficultly soluble in cold water. 

The trithiocarhonic acid, H 2 CS 3 , can be obtained from its salts 
^\’ith dilute acids as an unstable oil. The potassium salt is used 
for exterminating grape-lice. 

Cyanogen, (CN)j, can be prepared by heating mercuric cyanide, 
%(GN) 2 , or by treating a solution of potassium cyanide with cop- 
per sulphate solution. It is possible that first cupric cyanide is 
termed and that this at once breaks up into cuprous cyanide and 

cyanogen: 

4KCN+2CuS04 = 2 K 2 B 04 +Cu 2 (CN) 2 + (CN) 2 . 
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Cyanogen has a penetrating odor. When liquefied it boils at 
-20.7®. It is unaffected by high temperatures. It dissolves Iq 
water, but the solution deposits amorphous brown flakes after a 
while.' It burns with a purple-tinged flame according to the 
equation 

C2N2+2O2-2CO2+N2. 

This reaction, however, is not trimolecular, the first stage being 
C 2 N 2 + O 2 = 2CO + N 2 , 

i.e. a bimolecular process (sec § 180). 

In its chemical behavior cyanogen displays an analogy with 
the halogens. Potassium burns in it as in chlorine, forming potas- 
sium cyanide, KCN. If cyanogen is passed into potassium 
hydroxide solution, the same cyanide is formed together with 
potassium cyanate, KCNO, analogous to the formation of the chloride 
and hypochlorite, KCl and KCIO, on leading chlorine into potas- 
sium hydroxide (§56). Silver cyanide is curdy, insoluble in water 
and dilute acids and soluble in ammonia, like silver chloride. 

Hydrogen cyanide, HCN {prussic acid), is important in inor- 
ganic chemistry because of the numerous comple salts which it 
forms, Many of them, particularly those containing alkalies, are 
soluble in water and crystallize beautifully. Salts of prussic acid 
are formed in general when carbon, nitrogen and a strong base come 
in contact at red heat, e.g. when a mixture of carbon and potas- 
sium carbonate- is heated red-hot in a current of nitrogen. On 
heating nitrogenous organic substances with an alkali, cyanides are 
also formed. Ammonium cyanide is produced by passing am- 
monia over red-hot charcoal. If induction sparks are sent through 
a mixture of acetylene and nitrogen, hydrogen cyanide is formed. 
Ordinarily hydrocyanic acid is prepared by distilling yellow pnis- 
siate of potash (§ 308) with dilute sulphuric acid; the distillate is 
an aqueous solution, which yields anhydrous prussic acid by frac- 
tional distillation the last traces of water beiffg removed by phos- 
phorus pentoxide. Anhydrous hydrogen cyanide is a colorless 
liquid with an odor like bitter almonds. It boils at 26®; its melt- 
ing-point is “ 14°. The pure acid is stable, but dissolved in water 
it decomposes with the deposition of insoluble amorphous brown 
substances. Like most cyanides it is a veiy dangerous poison. As 
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antidote very dilute chlorine gas may be inhaled or hydrogen 
peroxide taken. 

The electrical conductivity of an aqueous prussic acid solution 
Is very low ; it is therefore one of the weakest acids. 

As to its salts, those of the alkalies and alkaline earths, and 
also mercuric cyanide, are soluble in water, the others insoluble. 

The Flame. 


i86. A flame is produced by the burning of a gas; solids, like 
iron, carbon, etc., burn without a flame. If a flame is observed 
during the burning of mineral coal, a candle or the like, it is due 



to the fact that at that high temperature gaseous decomposition- 
products are formed, which burn. If a gas burns in the air, it is 
^Jailed a combustible gas and the oxygen of the air is called the sup- 
porter of the combtfstion. These expressions in common use are 
only relative terms; it is possible to light the oxygen and have it 
with a flame in a gas which is ordinarily called combustible, 
phenomenon is illustrated in a way by the reverse fame. 

This can be easily obtained with the aid of the apparatus of Fig. 

A bmp-ehimney is fitted with a two-hole cork at its lower end. Tiiroug 
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the narrower hole of the cork a small tube a is inserted for conducting 
in the gas; through the Avider hole a tube h for the admission of air 
The chimney is first removed and the gas coming out of tube a lighted 
and so regulated as to produce a small flame. Then the chimnov is 
replaced; the flame continues to burn quietly, inasmuch as plenty of 
air is supplied by the Avider tube. Thereupon the gas supply is gradu- 
ally increased and at a certain moment the small flame at the end of a 
is extinguished and a large pale flame appears at the end of 5; it is air 
burning in the gas Avhich fills the chimney. This is the reverse flame 
of air in illuminating-gas. At tlie same time the excess of gas escaping 
at the top ignites in the outside air, so that the apparatus presents both 
a direct and a reverse flame at the same time. That it is really air 
that burns at the mouth of h is proved by introducing a tiny gas-flame 
by means of the tube c into the flame of the wide tube 6; the small 
flame continues to burn. 

Substances that give up oxygen are capable of burning AA^hen sur- 
rounded by a combustible gas. The experiment can be carried out 
Avith potassium chlorate as follows: Illuminating-gas is conducted into 
a glass cylinder (Fig. 48) and lighted at the top, where the cylinder 
is covered by a thin piece of metal with a hole in it. A little potassium 
chlorate is then loAA'ered into the flame by means of a deflagrating spooli 
and heated till oxygen comes off freely. If the boAvl is then dipped 
doAvn in the cylinder, the oxygen burns with a very luminous flame, 
Avhich is colored violet-blue by the vaporization of some potassium salt. 

We saAv aboA^e (§ 27) that a hydrogen flame continues to burn in chlo- 
rine with the formation of hydrochloric acid; on the other hand chlorine 
can also be made to burn in hydrogen. For this purpose a cylinder 
closed at the top is filled Avith hydrogen and lit at the lower edge. A 
tube through Avlilch chlorine is supplied is then brought in contact with 
this flame and inserted in the cylinder. The chlorine burns on. 

187 . A flame may be luminous or n on-luminous. It gives 
light w’hen solid particles are suspended in it. An ordinary gas- 
flame is luminous because particles of carbon, set free by the com- 
bustion, are made to gloAv. On introducing a cold object into tlie 
flame they arc deposited as soot. The light of the WelscaCH 
incandescent gas-hght is produced by the glowing incombustible 
mantle (§291). 

Such flames give a con ti nous spectrum (§ 263). Many 
gases, Avhich yield only gaseous products on burning, give eitlicra 
very faint light or none at all, e.g. hydrogen, carbon monoxide, 
etc. However, when hydrogen burns in oxygen of 20 atmosplieres 
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pressure, its flame is strongly lumino\is. Other incandescent gases, 
such as the vapors of certain metals, can render a flame luminous 
even at ordinary pressure, imparting to it a definite color. Colored 
flames of this sort give a line spectrum (§263). 

A gas-flame, whose light is due to incandescent particles of car- 
bon, is made non-luminous by mixing the gas with air before the 
combustion. This is the principle of the Bunsen burner (Fig. 49), 
^vhich is used in all laboratories and quite extensively also, with some 
variation or other, in heating and cooking apparatuses (gas stoves). 

The Bunsen burner consists of a base in 
which is a tube for supplying the gas, which 
escapes from a narrow orifice at a. Here 
it mixes with air that enters through the 
lateral holes in c, the proportion of air being 
regulated by the collar 6. This mixture 
burns with a colorless flame when ignited 
at the top of c. 

The opinion was originally held that the 
los-s of luminosity of the flame is due to 
the oxygen of the air, the latter causing the 
complete combustion of the carbon particles. | (| b 

As has since been shown, however, the 
dilution of the burning gas with nitrogen also 
has a part in it : if illuminatirig^as is mixed 
with two or three times as much nitrogen, 

the former burns with a colorless flame. 49.— Bunsen Bubner. 

With the aid of a wire gauze a burning gas mixture can be 
cooled so low that the combustion cannot propagate itself through 
the gauze; in other words, the flame does not get through the 
gauze (Fig. 50). If gas is allowed to flow out of a Bunsen btirner 
and a wire gauze is held across the current a short distance from 
file orifice, the gas can be lit above the gauze without the flame 
springing back to the burner. 

It was by experiments such as these that Davy was led to discover 

miner’s safety^lamp. As Fig. 51 shows, this consists of an oil-lamp, 

flame of which is surrounded by a wire cage. A combustible gas 
n^ixtiire may catch fire inside of the lantern, but the fire cannot pass 
Ihrough the gauze to the outside. 
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i88. The im'peroiure of the flarm is much lower than we might 
suppose. Since, when hydrogen burns in oxygen, 57.2 kg.-calories 
are produced by every 18 g. of the mixture, and the specific heat of 



Fig, 50. — Effect of a Wire Gauze ont a Flame. 


steam is 0.48, this amount of heat ought to raise the 18 g. steam to 
57 2 

a temperature o"dl8^oT8 “ temperature 

of the flame does not exceed 2500®. This difference between 
calculation and observation is due to the fact that on account 
of dissociation only a partial combination of hy- 
drogen and oxygen takes place in any part of 
the flame. The temperature of 6600® could indeed 
be obtained at any point, if the gases united there 
completely and instantaneously j but this is im- 
possible, for above 1300° the formation of the com- 
pound is checked by the opposite process, the dis- 
sociation of steam. Therefore what occurs must 
be this: oxygen and hydrogen, when brought to- 
gether at the aperture, combine and effect a certain 
rise of temperature; in the same measure as the 
system in equilibrium (hydrogen, oxygen, steam) 
Fig. 51— Miner's cools off, fresh portions of the gases unite. Their 
Safety-lamp, combustion cannot therefore take place at any 
particular point but must be gradual throughout the whole extent 
of the flame and at any one point the temperature cannot ex- 
ceed a certain limit, which is determined by the degree of dissocia* 
tion of the combustion product. 
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189. Zones 0] a luminous pime. Let us take a candle-flame, for 
example. In the central zone (1 in the diagram Fig. 52 ) 



Fig, 52. — Zones of a Luminous Flame, 

there is no combustion. The stearin of the candle is here con- 
verted by the heat of the flame into volatile combustible products. 
In a large candle this can be proved in the manner shown in Fig. 
62 , The narrow tube conducts off the inflammable gases and they 
can be lit at the outer end. 

The hollowness of a flame can be demonstrated in various ways; 
b a Bunsen burner, for instance, by placing a match-head in the 
center, where it does not ignite, or by holding a thin platinum wire 
across a flame; the wire only glows at the edges of the flame. 

The dark central zone of the flame is next surrounded by the 
luminous zone (2) . Here the volatilized hydrocarbon is decom- 
posed with the separation of carbon, because the air supply is 
insufficient for complete combustion. These carbon particles 
become incandescent and so make the flame luminous. Finally 
there is the b 1 u e outer zone (3), in which the glowing particles 
of carbon are burned by direct contact with the air. It radiates 
very httle light. 

The amount of solid carbon in a flame which is raised to incandes- 
cence and hence gives light is very small, as the following calculation 
^how.s. The substances in burning illuminating-gas which break up 
'^'th the liberation of carbon are chiefly benzene and ethylene. The 
bririer makes up about 1 , the latter about 4 , per cent by volume of 
^0 gas, If we assume that the benzene is completely broken up and 
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the ethylene only half, then the total amount of carbon deposited by 
1 liter of burning illuminating-^as is about 54 mg. The volume of 
the luminous part of a gas flame with a consumption of 150 liters per 
hour amounts to about 2 c.c, (reduced to O'"), so that the mass of solid 

2X54 

incandescent carbon present in it is only —0.1 mg. 

SILICON, 

190 . This element in combination with oxygen is one of the 
principal constituents of the eartlTs crust (§ 8 ). In the free state, 
however, it docs not occur in nature, being found almost exclusively 
as silica, Si 02 , or in the silmies. Sand and the many varieties of 
quartz are different forms of natural silicon dioxide; the number of 
silicates is very large. 

Free silicon is obtained by heating sodium fluosilicate, Na 2 SiF 6 , 
with sodium: 

Na2SiFfl + 4Na-6NaF-fSi, 

or by heating sodium in an atmosphere of silicon tetrafluoride: 


4Na 4 - SiF 4 = 4NaF + Si, 


The sodium fluoride can be removed by water. 

Another method, which is far easier, is to mix 400 g. aluminium 
filings with 500 g. sulphur and 360 g. sand. This mixture is ignited, 
whereupon it burns with a large flame. The mass fuses and becomes 
white-hot. When cooled it consists principally of aluminium 
sulphide and free silicon. It is then treated with dilute hydro- 
chloric acid, which decomposes and dissolves the sulphide, leaving 
the silicon behind (Kuhne mctliod.) 

AUoiropic Fums . — The silicon obtained by the two first-named 
methods is a brown amorphous powder; it can be fused 
under a layer of molten sodium chloride and obtained crystal- 
line on cooling. The latter form is best prepared by Kuhxks 
method. The crystals are regular, black, and of a high lustre. 
If silicon Ls heated in the electric furnace, it vaporizes and con- 
denses again in small globules, mixed with a little gray powder 
and some silica. 

Chemical Properties . — Silicon takes fire only when heated in 
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t]ic air to a very high temperature, burning to silica. It unites 
with fluorine at ordinary temperatures, the combustion being 
marked by a glow; combination with chlorine takes place on gently 
warming. At an elevated temperature silicon combines with nitro- 
gen and some metals; these silicides have been prepared mainly 
by MoissAN'in his electric furnace. 

It is indifferent towards sulphuric, nitric and hydrochloric 
acids. Hydrofluoric acid dissolves it, however, with the evolution of 
hydrogen. Hydrogen chloride gas reacts wnth it at a high tem- 
perature, forming silicon tetrachloride and silico-chloroform. It 
dissolves in a hot solution of sodium or potassium hydroxide, pro 
ducing hydrogen and a silicate: 

Si + 2KOH -f H 2 O = KaSiOg + 2 H 2 . 

Hydrogen Silicide, SiH4. 

191 . This gas is obtained by adding freshly prepared magnesium 
silicide to hydrochloric acid. The magnesium silicide is prepared 
by heating sand with an excess of magnesium powder, or better by 
fusing 40 parts of anhydrous magnesium chloride with a mixture 
of 35 parts of sodium fluosilicate, 10 of sodium chloride and 20 of 
sodium. The hydrogen silicide so obtained is mixed with hydro- 
gen. A purer product results from heating an organic derivative 
of silicon, tri-ethyl silicoformate : 

4SiH(OC2H5)3=3Si(OC2H5)4+SiH4. 

Hydrogen silicide, or silicon tetrahydride, is a gas, which 
becomes liquid at — under a pressure of 100 atmospheres. It has 
a disagreeable odor. It takes fire in the air; each bubble that 
escapes from the generator forms a cloudy ring of hydrated silica. 
If, however, the hydrogen silicide is perfectly pure, it does not 
ignite spontaneously in the air at ordinary temperatures except 
under reduced pressure. Moissan. has found that in the decom- 
position of magnesium silicide, Mg 2 Si, by hydrochloric acid 
Iboi’c is also formed a small quantity of silico-etkane, Si 2 H 6 , 
a li(|uid boiling at 52°. It ignitas spontaneously in the air and 
is (he cause of hydrogen silicide taking fire in the air, even at 
ordinary pressure. We have therefore in this case phenomena 
similar to those in the case of hydrogen phosphide (§ 137). Heat 
decomposes the hydrogen silicide read ly into Si and 2 H 2 . It 
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biirns in a chlorine atmosphere and is decomposed by an alkali 
solution according to the equation: 


SiH4 + 2KOH + H^O = 4 H 2 + KgSiOs. 


Halogen Compounds of Silicon. 

192. Silicon tetrachloride, yiCl 4 , is prepared by heating silicon 
in a current of chlorine at 300^-31 U°. It is a liquid with the 
specific gravity 1.5241 at 0° and the boiling-point 59.57°. It is 
instantly decomposed by water, forming h}rirochloric acid and 
hydrated silica. 

Sili co-chloroform, SiClsH, is obtained, together with a large quant itv 
of silicon tetrachloride, on heating silicon in a current of hydrochloric 
acid gas (§ 190 . From this mixture it is separated by fractional distilla- 
tion. It is a colorless, strongly smelling compound, which fumes in 
the air, boils at and is decomposed by water. 

193. Silicon tetrafluoride, Siiu, can be obtained by warming a 
mixture of sand and calcium fluoride with concentrated sulphuric 
acid: 

2 Car 2 + Si 02 + 2H2SO4 - SiF4 + 2CaS04 + 2H2O. 

It is a colorless gas with a very pungent and suffocating odor; 
it condenses under 9 atm. pressure or by cooling to '“160°. When 
perfectly dry, it does not attack glass. 

Silicon fluoride is also formed by the action of hydrogen fluoride 
on silicates ; the silica is first set free from them and then attacked 
in the way just described. Glass-etching (§ 53) depends on tlds 
action. 

^ By the repeated treatment of silicates with hydrous hydrofluoric 
acid all the silicic acid is driven off as silicon fluoride. The bases which 
were in combination with the silicic acid are left behind in the form 
of fluorides. They can be transformed into sulphates by wanning 
wth sulphuric acid and then converted into a form suitable for 

We have here a very useful means of determining the metals present ifl 
the silicates. 

W^ter decomposes silicon fluoride as follows: 

SSir, + 3H2O = HjSiOa + SHjSiFs. 
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The compound H 2 SiFe is called hydrofluosilicic acid; it is 
Jjiiown only in aqueous solution. If the latter is concentrated by 
evaporation, silicon tetrafluoride escapes but hydrogen fluoride 
stays in solution. When the concentration corresponds to 13.3% 
H->SiF6 the vapor contains 2HF to ISilu; but dilute solutions 
yield a vapor which contains much more hydrogen fluoride. If, 
Iherefore, a concentrated solution of hydrofluosilicic acid is par- 
tially evaporated, the residual liquid is able to dissolve silica because 
of the presence of free hydrofluoric acid. On the other hand, 
a dilute solution, after partial evaporation, leaves a residue, from 
which silicic acid is deposited, because the excess of silicon tetra- 
iuoride which it contains is decomposed by water according to 
the above equation. 

The decomposition of silicon fluoride by water is usually demon- 
strated in the following way: The compound is generated in the pre- 
scribed maimer in a flask (Fig. 53), whereupon it is conducted through 



Fig. 53.— Preparation of Hydrofluo-silicic Acid. 
a doubly-bent gla^a tube into a cylindrical jar containing a little mer- 
(into which the tube opens) and on top of this some water. 1617 
l>ubl)le of gas that rises from the mercury into the water generates m 
the iatter a cloud of silicic acid. If the glass tube opened directly m 
"■atcr, it would soon become stopped up because of this decomposition. 
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The solution of hydrofluosilicic acid reacts acid; it dissolves 
metals with the evolution of hydrogen and behaves in all respects 
like an acid. A hydrate, H2SiF6+ 2H2O, is known in the solid state. 
It melts at 19 ®, and is obtained by leading silicon fluoride into con- 
centrated hydrofluoric acid. Most of the salts of hydrofluosilicic 
acid are soluble in water; the potassium salt is difficultly so, how- 
ever, and the barium salt is insoluble. 

Hydrofluosilicic acid is used in hardening objects made of gyp- 
sum (this is due probably to the formation of calcium fluoride) and 
also in analytical chemistry. 

Oxygen Compounds of Silicon. 

194. Only one such compound is known: silicon dioxide, or 
silica. 

SILICA, SiOj. 

This compound occurs in astonishingly large quantities and in 
a great number of varieties in the solid crust of the earth. It is 
found crystallized as rock crystal, quartz (when colored brown, 
called smoky qmriz), amethyst (the more beautiful sorts being used 
for ornament), iridymite, onyx, caCs-eye, etc. Sand is largely 
silica; sandstone also belongs here and so does jasper (usually 
colored red with ferric oxide and having a conchoidal fracture). 
Opal is an amorphous variety, containing varying amounts of 
water. 

Silica can be prepared artificially as an amorphous white powder 
by heating silicic acid. 

Physical Properties . — In the crystallized state silica is very hard 
and insoluble in water and has a specific gravity of 2 . 6 . It is very 
difficultly fusible; in the oxyhydrogen flame it softens and passes 
over into a vitreous modification. When heated strongly this can 
be drawn out into extremely fine threads that are so tenacious and 
display so regular a torsion that they are frequently used in sus- 
pending magnets, etc., in physical instruments. It can be nuide 
to boil vigorously in the electric furnace; the vapor condenses 
in woolly flakes. Quartz that has been fused has a very small 
coefficient of expansion (about V17 of that of platinum); 'hi® 
explains why objects made of it can endure very sudden chauit^s 
of temperature. They can be heated very hot and then tli’-ust 
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into cold water at once without cracking. They are attacked only 
|)y metallic oxides and at a high temperature. Recently it has 
become possible to utilize fused (vitreous) quartz for the manu- 
facture of chemical apparatus. 

Chemical Properties. —Especially in the crystallized condition 
silica is very little acted upon by acids except hydrofluoric acid 
(§ 193). Fused alkalies dissolve it, forming alkali silicates. It can 
be reduced by carbon in the electric furnace, carborundum (§ 178) 
being formed. It is also reduced by heating with magnesium 
(§190). 

Silicic Acids. 

195 . When a solution of potassium or sodium silicate {xcater- 
g/«ss) ia treated with hydrochloric acid, a very voluminous, gelat- 
inous mass separates out; this consists of hydrous silicic acid cor- 
responding to the general formula Si 02 aq. After being washed 
with water and dried in the air it is a fine white amorphous powder 
of the approximate composition H 2 Si 03 . Freshly precipitated 
silicic acid is slightly soluble in water, but more so in dilute hydro- 
chloric acid If, therefore, water-glass is introduced into an excess of 
hydrochloric acid, the silicic acid stays in solution; it can be sepa- 
rate from the sodium chloride simultaneously fonned, by the fol- 
lowing process: 

The solution is put into a piece of parchment tubing, which 
K tied at both ends, and the whole submerged in pure water, the 
latter being frequently renewed. It is found that the salt goes 
through the parchment, but that the silicic acid does not. This 
process is called dialysis and any arrangement for carrying it out is 
hnown as a dialyzer. Graham found that cry stall! /.able substances 
^ solution {crystalloidf:) are able to pass through such a membrane, 
^hile other substances, which he called colloids^ are not. In the 
htter class are glue, gums, gelatine, albumen — in short, many 
^rnorphous substances occurring in the animal and vegetable 
kingdoms. Purification by dialysis is also possible with certain 
^•^^rganic substances besides silicic acid. 

pure solution of silicic acid — a so-called colloidal solution 
^ obtained only by a long process of dialysis (five or six weeks). 

tlien contains but little silicic acid, part of the latter having 
passed gradually through the membrane. It can be concen- 
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trated by careful evaporation, but when the amount of acid reachpj 
about it coagulates. If a small amount of alkali or hydro- 
chloric acid is added, the solution of silicic acid can be obtained 
much stronger (as high as 12%) without coagulating. The silicic 
acid which separates from the colloidal solution dries in the air 
to a white amorphous powder, still containing a good deal of 
water, however. The water can be slowly extracted in a sul- 
pliuric acid desiccator. 

Colloidal s{)hitions show still other peculiarities than their 
behavior in dialysis. On evaporation they do not yield crj^stals 
but an amorphous, glutinous mass, which is no longer wholly 
soluble in water. AMien the boiling-point or freezing-point of .a 
colloidal solution is determined, it is found to be nearly the same 
as that of the solvent, From this we may conclude either that 
the molecular weight of the colloidal substance is very great, nr 
that such a solution is not a true one but only a suspension of 
extremely finely divided particles. Other phenomena confirm 
the latter view. When, for instance, a liquid which undoubtedly 
contains such particles, e.g. clay suspended in water, or water to 
which has been added a few drops of milk, is penetrated by a 
pencil of light rays, the part of the liquid traversed by the rays 
is luminous, and the diffused light shows itself to be polarized. 
These very properties are shown by the colloidal liquid obtained 
by introducing hydrogen sulphide into a solution of arsenioiis 
oxide. That this yellow liquid, on the other hand, is a colloidal 
solution of arsenious sulphide is proved by the fact that this sul- 
phide is precipitated by adding hydrochloric acid or a salt soliitkn. 

Silicic acid precipitated from the colloidal solution dries slowly 
in the air to an amorphous white powder, which still contains a 
considerable amount of water; the latter is given up slowly in a 
desiccahw over sulphuric acid. 

Amorphous gelatinous precipitates like that formed by silicic add 
are also knowm with other compounds. They are called hydrogds and 
have special properties, as van Bemmelen has shown. When freshly prc' 
cipitated and dried on a porous plate they contain a considerable 
portion of water. If they are then paced in a desiccator, they g'V^ 
off their water with constant velocity (i.c. the same amount dndng 
equal intervals) and the vapor tension during this process docs nol 
vary perceptibly from that of water. 
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When a certain percentage of water is reached, the vapor tension 
and with It the velocity of loss of water, begins to decrease and with 
such regularity that a curve having the compositions of the hydrogel 
for abscissa! and its vapor tensions for ordinates shows no breaks. 

When such a hydrogel loses its water, it also undergoes a change 
In molecular structure, for, while it can take up water again in con- 
tact with moist air, the vapor tensions corresponding to the same com- 
position before and after the dehydration are greater afterward; in 
Other words, the water it less firmly held in it. ^ 

A further peculiarity of the hydrogels is that they absorb alkalies 
and salts from solution- in such a way that the concentration of these 
substances is greater in the hydrogel than in the solution. This absorp- 
tive power diminishes when the fresh hydrogel is altered by standing 
under water or by drying. 

Since silicon tetrachloride is changed to silicic acid by water, 
just like phosphorus pentachloride to phosphoric acid (§ 145), we 
can consider the compound as the basis from which the remaining 
silicic acids are derived. The latter can in general be represented 
by the fonnula mSi( 0 H) 4 -nH 20 . 

These polysilicic acids themselves have not been isolated, but 
many of their salts and double-salts are known, which occur as 
minerals in nature. It is a striking fact that, while the great ability 
of the carbon atom to combine with other carbon atoms is the 
foundation of the organic world, the quadrivalent element silicon, 
so closely allied to carbon, is by reason of its ability to fonn com- 
plex silicates the basis of a very extensive part of the inorganic 
World. 

The silicates of potassium and sodium are soluble in water, those 
of the other metals insoluble, as are also most of the double silicates 
of tlie alkalies. 

In the soil hydrous silicates are found whose bases are usually lime 
and alumina. In contact with alkali salts these undergo a double decom- 
pusition, an insoluble potassium aluminium silicate, for example, being 
formed together with chloride of calcium, which is taken off by the under- 
ground water. This phenomenon is said to be caused by the absorptive 
jxnver of the soil; it plays an important r6Ie in the determination of soil- 
values. It is this that holds back the potash, an invaluable nutrient, 
which is furnished to the soil in the form of potassium salts and would 
otherwise be quickly washed off by the rain because of its solubility. 

The soluble phosphates are "absorbed" by the soil in the same 
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This is mainly to be ascribed to the lime they contain, with which 
insoluble tri- or dicalcium phosphate is formed; to some extent this 
absorption -may be caused also by basic lime silicates. 

Silicon Compounds of Other Elements. 

196. Silicon sulplude, SiSg, is produced when carbon disulphide 
vapor is led over a mixture of charcoal and silica at red heat. It forms 
long, silken needles, which are broken up by water into SiOj aq and 
hydrogen sulphide. 

Silicon nitride, Sij^Tg, a white amorphous substance, results from tlm 
heating of silicon in an atmosphere of nitrogen. (For metal silicides c/. 

§ 190.) 

GERMAJIIUM. 

197. This element is of extremely rare occurrence. It was discovered 
by WrxKLER in an argentiferous mineral, argymlite, GeSj^AgaS, found 
in Freiberg, in Saxony, Germanium is obtained from the mineral by 
heating it with hydrogen or carbon. It forms grayish-white octahedrons 
with a metallic lustre and a specific gravity of 5.469 at 20°, It melts at 
900^ At ordinary temperatures it is unaffeicted by the air; at red heat 
it burns, forming nhite fumes of germanium oxide, GcOj. Like silicon, 
germanium is insoluble in hydrochloric acid; nitric acid, however, con- 
verts it like tin into the hydrate of a dioxide. It is dissolved by molten 
alkalies. It does not color the flame of a Bunsen burner, but it gives 
a spark-spectrum (§ 263). Two series of compounds of this element 
are known, which are derived from the oxides GeO and GeOj; the ons 
compounds arc easily oxidized to the higher form, gcrmanic acid, Xo 
hydrogen compounds arc knoum. 

Of the chlorine compounds GcClj is little studied; GeCI^t 
germanic chloride, can be prepared directly from the elements. Finely 
powdered germanium takes fire in chlorine, GeCh is a very mobile 
Uqu’d, which fumes in the air and boils at 87°. It is broken up by 
water, forming GefOH)^. 

Germanium tetrafluoride, GcF^, a gas, behaves just like silicon tetra- 
fiuoride in the presence of water; the hydrofluogermanic acid is for^ped, 
wliose potassiiun salt is likewise rather insoluble, 

Oxygen Compounds of Germanium. 

Germanious oxide, GeO, is produced by heating the corresponding 
hydroxide. It is a steel -gray powder. Ge(OH )2 is formed when potassium 
hydroxide is added to the solution of the dichloride. 

Germanium dioxide, GeOg, is also produced by heating the correspond- 
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ing hydroxide, or by roasting the element or its sulphide or by treating 
it with nitric acid. It is a white powder of a specific gravity of 4.703 
at 18° and is unaffected by heat. It is slightly soluble in water (1 part 
in 9.5 parts of water at 100°} and imparts to it an acid reaction. The 
hydroxide has an entirely acid character, since it forms salts with bases 
only. It dissolves in carbonates when fused, but is insoluble in acids. 

Sulphur Compounds of Germanium, 

Gennanious sulphide, GeS, is produced by heating the disulpliide 
in a current of hydrogen and can therefore be obtained directly from 
argyrodite. It sublimes in thin plates that are grayish black and of 
a metallic lustre in reflected light and yellowish red in transmitted 
light. 

Germanium disulphide, GeSj, separates as a white precipitate when 
hydrogen sulphide is passed into the solution of germanium dioxide in 
strong hydrochloric acid. In moist air it decomposes, giving off hydrogen 
sulphide. It dissolves in alkalies and alkali sulphides to form sulpho- 
salts. 

For germanium cf. also § 218. 

TIN/ 

198. This metal is not very widely distributed on the earth; in 
some places, however, it is found in quite large quantities. The 
principal tin mines of Europe are those in Cornwall; even the 
Phrt'nicians obtained tin there. The most important present locali- 
ties are on the group of islands lying east of Sumatra (Banca, Bil- 
liton, Sinkop, etc.). There the metal occurs in the form of tin- 
stone {cassiteritef Sn 02 ); it is found in quadratic crystals, which 
are usually colored brown or black by a small amount of iron. In 
order to extract the metal, the ore is at first roasted, to eliminate 
say sulphur or arsenic it may contain, and then reduced with car- 
bon. The tin thus obtained is refined by liquation, i.e. by fusing 
again at a low temperature and pouring it off from the less fusible 
alloy of tin with iron and arsenic. It is then melted once more 
and stirred with a wooden pole (branch of a tree), whereby the 
oxide stiU remaining is reduced. The Banca tin is nearly chemic- 
ally pure. 

Physical Properties.— T\n is a silvery-white toetal, melting at 
232.7'^ and volatilizing between 1450° and 1600 . bp. g. -7.293 

13°. It has a crystalline structure which can be made visible 
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by moistening with hydrochloric acid, whereupon peculiar frost- 
hke etch-figurcs are produced on the surface (tin-wioir^). When tin 
is bent, a characteristic crackling sound (cry of tin) is heard, which 
is probably caused by the grating of the crystal faces on each other. 
Tin is very malleable and ductile; it can be beaten into very thin 
leaves {tinrfoil) at the ordinary temperature, and at 100° it can be 
drawn out into wire. At a very low temperature and in contact 
with an alcoholic pink-salt solution (§ 201), tin passes spontaneously 
into another modification, gray tin, which has a lower specific gravity, 
5.8. Above 20° this form changes back to white tin. If the latter 
is brought in contact with gray tin at ordinary temperatures 
(below +20°), it tiinus very slowly into gray tin, falling to powder, 
probably because of the increase in volume (this phenomenon is 
called tlie ‘‘tin-disease”). H it is not in contact with the gray 
modification, the transformation does not take place at all at 
ordinary tem])eratures, or at least not for centuries, lividcntly 
there is a transition point of the two forms at 20° and we are 
forced to the odd conclusion that, except on warm summer days, 
tin is in the nietastable condition (§ 237). 

The reason why tin, even in contact with gray modification, 
passes so slowly into that form at ordinary temperatures is that 
the velocity of transformation is small in the neighborhood of the 
transition point; it is accelerated on moving away from that point. 
MTieii the temperature sinks this acceleration is counteracted, 
however, by the retardation that all reactions undergo by a lower- 
ing of temperature. In many cases, therefore, there must be a 
maximum of the velocity of transformation, such as we have here 
at -48°; below that temperature the transformation again becomes 
slower. 

At 200° it is brittle and can be easily pulverized. This is prob- 
ably due to still another allotropic form. 

Chemical Properties. ~Tm is unaffected by the air at ordinary 
temperatures; if heated strongly, it burns with an intense ^^h)te 
light to tm oxide, tSnO> 2 . Hydrochloric acid dissolves it, forming 
stannous chloride and hydrogen. It is also attacked by nitric acid 
(§ 201). A boiling solution of caustic soda or potash convert.^ it 
into a stannic acid salt (s t a n n a t e) with the evolution of hydi*^' 
gen: 


Sn+2K0H+H20 = K 2 Sn 03 + 2 H 2 . 
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la the presence of weak acids (acetic acid) and alkalies it i§ very 

stiible, 

199. [/ses.— On account of its permanence tin is used as a pro- 
tective covering for metals which are attacked by the air and tlie 
above-named agencies. Many kitchen utensils arc “ tinned. ’ ’ Sheet 
iron is covered with a layer of tin, to protect it from rusting (§ 280), 
and is then known as tin- plate, or sheeUin, Tliis is done by simply 
(lipping the sheet iron, which has been cleaned by hydrochloric 
or sulphuric acid, in molten tin. 

Many alloys of tin are in use. Solder consists of tin and lead 
(in the ratio 2:1 or 1:1 or 1:2), and is harder than cither of its 
components but more easily fusible. The alloys of c 0 p p e r and 
tin are called bronzes; their composition varies according to the 
purpose they serve. At present the bronzes usually contain a 
little lead and zinc as well. Bronze is hard and tough, can be 
easily worked and fuses to a mobile liquid, hence it is particularly 
suitable for casting. Gun mtal contains 907^ copper and tin; 
hell inetal 20-25% tin, the rest being copper. Phosphor bronze is 
prepared by fusing copper with tin phosphide (§ 202). The result- 
ing mass is remarkably homogeneous and contains 0.25-2.5% 
phosphorus and 5-15% tin. Its great hardness and firmness render 
it especially valuable for certain parts of machines (axle-bearings). 
Silicon bronze, contains silicon in place of phosphorus, is very hard 
and conducts electricity well, hence it is used for making telephone 
wire. Tin amalgam forms the metallic coating of mirrors. 


Compounds of Tin, 

Tin forms two sets of oempounds; they correspond to the 
oxygen compounds, stannous oxide, SnO, and stannic oxide, Sn02. 

STANNOUS COMPOUNDS. 

200. Stannous chloride, SnCb, is prepared by dissolving tin in 
hydrochloric acid : 

Sn+2HCl-=iSnCl2+H2. 

It crystallizes with two molecules of water, which are gi\ en off at 
lOOT It is very readily soluble in water (1 part in 0.87 at ordinary 
temperatures). . Anhydrous stannous chloride is white and trans- 
parent; it melts at 250° and boils' at 606°. A little above the 
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boiling-point the vapor density corresponds to the formula Sn 2 €l 4 ; 
above 900°j however, to SnCl 2 . 

The aqueous solution acts strongly reducing. It absorbs oxy- 
gen from the air with the partial formation of basic chloride (a 
white powder), if the liquid is not too acidic : 

3SnCl2+H20 + 0 = SnCl4+2Sn(0H)CL 

Basic chloride. 

But if the liquid is strongly acid the tetrachloride SnCU is also 
formed in this oxidation. 

This same basic chloride also results from hydrolytic di.ssociation, 
when a neutral stannous chloride solution is strongly diluted. 

SnC]2+aq=Sn(OH)Cl-}-HCl+aq. 

The reducing power of stannous chloride is farther seen in its 
action on potassium permanganate, potassium dichromate, cupric 
chloride, mercuric chloride, etc., all of which are converted into 
lower stages of oxidation in acid solution. 

It may be remarked here that, from the ionic point of view, 
oxidation amounts in many cases to raising an ion to a higher 
positive potential, and reduction to the reverse. Let us consider, 
for instance, the reaction between stannous chloride and mercuric 
chloride. This can be expressed by the equation 

SnCl2+HgCl2-Sna4+Hg, 

Stannous chloride is oxidized to stannic chloride; at the same 
time mercuric chloride is “reduced'" to the metal. Written in 
ions, this equation becomes 

Sn-LHg*'=Sn-*-f-Hg; 

that is, the electrical charge of the mercury ion is taken by the 
bivalent tin ion, the former losing its electrification. 

Another example is the action of chlorine on stannous chloride, 
by which the latter is “oxidized” to stannic chloride; 

SnCl2-fa2=SnCl4, 

The ionic reaction is 

Sn"-f-2Cl'+Cl2=Sn”-+4g'. 
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Tin takes up two more positive charges, but this necessitates that 
the two Cl atoms become ions; they thus require two negative 
charges; but when these are formed two positive charges are ob- 
tained at the same time. However, the Siv* and Cl' ions unite 
to form stannic chloride, SnCU, which is a very weak electrolyte 
(r/. § 201). 

In the preparation of chlorine, hydrochloric acid is “oxidized ” 
by manganese dioxide: 

MnOa + 4HC1 - MnCla + 2H2O + CI2, 

or MnOa + dH' + 4C1' == Mn" + 2C1' + 2H2O -h Clg; 

the positive charge of the four H’ ions is thus transferred, half to 
tlie manganese and the rest serving to discharge two chlorine ions, 
i.e. to equalize their negative charges. 

Various double salts of stannous chloride are known, e.g. 
SnCl2-2KCl; SnCl2-2NH4Cl. 

Stannous hydroxide, Sn(0H)2 is precipitated when a solution 
■of stannous chloride is treated with soda: 

SnCl 2 + Na2C03 *fH20=Sn(OH)2+2N aCl CO2. 

This hydroxide is insoluble in ammonia, but soluble in alkalies; 
when the latter solution is boiled, tin is deposited and alkali stan- 
nate, e.g. K2Sn03, formed. The hydroxide is also soluble in 
acids, thus displaying a basic as well as an acidic nature. Such 
compounds are able to give hydroxyl ions (Sn"+20H') on the 
one hand and hydrogen ions (Sn02^'-1'2H ) on the other. They 
are termed amphoteric compounds. 

Stannous oxide is obtained by heating the hydroxide in a cur- 
rent of carbon dioxide; it is a dark-brown powder, which takes 
fire in the air, burning to stannic oxide, Sn02. 

Other salts of stannous oxide than the above-mentioned stannous 
■chloride are also known. The sulphate, for instance, is obtained by dis- 
solving the hydroxide or the metal in dilute sulphuric acid. It forms a 
basic salt readily. 

Stannous sulphide, SnS, is precipitated as an amorphous browm 
powder when hydrog ^ sulphide is passed into the solution of stan- 
nous salts. It is lioluble in potassium sulphide, K2S, but it 
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dissolves to form a sulpho-stannatc when brought in contact 
with the p 0 1 y sulphide of ammonium or potassium, K2Sx(x«2“5). 

SnS + K2S2=K2SnS3. 

Stannous sulphide can also be prepared by fusing tin with sul- 
phur. It then forms a bluish-gray crystalline mass. 

STANNIC COMPOUNDS. 

201. Stannic chloride, SnCU, was prepared as early as 1605 . It 
was named spiritus jtimans Lihavii, after its discoverer. It is 
obtained by the action of chlorine on tin or stannous chloride. 
Stannic chloride is a liquid which fumes strongly in the air; it 
boils at and has a specific gravity of 2.234 at 15 ®. When 

brought in contact with a little water or on taking up moisture 
from the air, it goes over into a semi-solid, crystallized mass, 
SnCl4‘3H20, the so-callcd tin-butter. A fresh solution of stannic 
chloride is a very poor conductor of electricity. However, the con- 
ductivity increases slowly at ordinary, faster at higher, tempera- 
tures; after several days it reaches a maximum. In the case of 
more dilute solutions this maximum is much higher. These facts 
can be explained by assuming that stannic chloride is but feebly 
ionized and that it reacts with water in tlie following way; 

SnCIi-hdHgO <=>Sn(On)4+4HCl; 

in other words, that it undergoes hydrolytic dissociation. It is 
the liberated hydrochloric acid that causes the conductivity. 
The solution contains tin hydroxide in the colloidal state. The 
water has thus split up the stannic chloride into a basic hydroxide 
and an acid. 

Stannic chloride forms well-crystallized double salts with the 
alkali chlorides, e.g. SnCl4-2KCI and SnCl4*2NH4CI. The latter 
is known as pink salt (because of its color) and is used as a mor- 
dant in dyeing. Tin tetrachloride also unites with the chlorides of 
the metalloids to form crystallized substances, e.g. SnCl4*PCl5; 
SnCU • POCI3 ; SnCl4 • SCI4, etc. It combines with hydrochloric aei 4 , 
forming a leafy. crystalline mass, HaSnClg-eHsO, which melts at 

Tin fluoride, SnF^, itself is not known, but there is a compound, 
KjSnFg, which corresponds to potassium fluons^ate; the salts of hydro- 
fluostannic acid are isomorphoug with the anaflious silicon compounds* 



m] 


STANNIC COMPOUNDS. 


275 


Stannic oxide, Sn 02 , can be prepared synthetically by heating 
till in air. It is an amorphous white powder, insoluble in acids 
and alkalies; the latter, however, dissolve it, when fused, forming 

stannates.. 

Stannic Acid and Metastannic Acid.— The hydroxides corre- 
sponding to Sn02 have only very weakly basic properties; here the 
acidic properties are prominent. The normal hydroxide, Sn(OH)4, 
is unknowm, but there Is a hydroxide of the empirical composi- 
tion H2Sn03(=Sn(0H)4-H20), corresponding to carbonic acid, 
H2CO3. Strangely enough this exists in two modifications, which 
differ from each other both chemically and physically; they are 
called stannic and metastannic acids. 

The stannic acid is precipitated when ammonia is added to an 
aqueous solution of stannic chloride or hydrochloric acid to a potas- 
gluiii stannate solution. This precipitate reacts acid when moist 
and is soluble in concentrated hydrochloric and nitric acids, as well 
as ill alkalies. It gradually changes into metastannic acid. 

Metastannic acid is generally prepared by treating tin with 
strong nitric acid; it is then formed in a vigorous reaction as a 
dense white powder. Jletastannic acid is insoluble in sodium 
hydroxide, but nevertheless unites with it to form sodium metastan- 
Mte; this is dissloved by water, although with difficulty, but is insolu- 
ble in the caustic soda solution. When boiled with hydrochloric 
acid, metastannic acid goes over into a chloride, which is insoluble 
in the concentrated acid but soluble in w^ater. This solution does 
not contain the ordinary tin chloride, but another one, m e t a - 1 i n 
chloride, having, however, the same composition, SnCl4. It is 
distinguished from the ordinary stannic chloride by giving a 3*ellow 
coloration with stannous chloride solution ; the solution of the ordi- 
nary chloride does not do this till after some time, during vhich 
the metachloride is formed in it. 

Stannic acid and the corresponding chloride thus pass o\er into 
the meta-conpipounds spontaneously; on the other hand, metastan- 
nic acid can be converted into the ordinary tin compounds by boil- 
ing it for some time or fusing it with a caustic alkali. 

The difference between stannic and metastannic acids vas set forth 
hy Herzeuijs as early as the beginning of the nineteenth centuiv , ne\er 
thoic?g we are still witJwut a satisfactory explanation of the matter. 
Inasmuch as the salts J metastannic acid, however, have in general a 
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yery complicated composition, similar to the polysilieates ( 5 195 ), it 
is probable that metastamiic acid is a polymer of the ordinary slannit 
acid, i.e. that its molecule is represented by (HjSnOa)!, stannic acid 
itself being H2Sn03- 

Of the salts of stannic acid, the sodium stannate, Na2Sn03+ 
31120 , is especially ^vell known. It comes on the market under 
the name of preparing-salt and is used as a mordant in dyeing, 
it is made by fusing tiii-stonc with caustic soda and crystallizes 
in hexagonal crystals, which are more soluble in cold than in warm 
water. 

202. Stannic sulphide, SnSg, falls out as a yellow amorphous 
powder, when hydrogen sulphide is passed into the acid solution of 
a stannic compound. It can be synthesized by heating tin^amalgam 
with sulphur and ammonium chloride, being thus obtained in the 
form of transparent golden leaves and known as nwruw Muswinuf 
or inomc gold; it is used for gilding. Stannic sulphide is a sulpho 
anhydride; the corresponding sulpho-acid, H2SnS3, is not known 
in the free state, but exists in the form of salts. 

Sodium sulphostannate, Na2SnS3+2H20, crystallizes in color- 
less octahedrons. When its solution is treated with an acid, stan- 
nic sulphide is precipitated. 

Tin phosphide serves, as was stated above, for the manufacture of 
phosphor bronze. Of the various compounds of tin and phosphorus, 
the best known is the compound Sn^P. It forms a coarsely crystalline 
mass, which melts at 170 °. 

LEAD. 

203. Among the lead ores the most important is galenite (PbS); 
it occurs in isometric crystals (cubes) of a graphitic color. Other 
ores are cenissite (PbCOg), crocoite (PbCr04), loulfenite (BbMo04)} 
etc. For the extraction of the metal galenite is used almost exclu- 
sively. This is roasted to convert the sulphide partially into oxide, 
and partially into sulphate; 

PbS+ 30 =Pb 0 + S 02 ; PbS+ 202 =PbS 04 . 

In roasting care is taken that a considerable portion of the ore 
remains as sulphide. On farther heating, the latter reacts with the 
oxygen compounds in the following way: 

2Pb0+PbS-3Pb-hS02; and PbS04+PbS=2Pb+2S02. 
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Physical PTopcrtics. Lead is a soft ductile metal of a bluish 
color. On exposure to the air it loses its lustre rapidly, becoming 
coated with a ,very thin layer of oxide. It has a specific gravity of 
11.254, melts at 334°, and at white heat distils. 

Chemical Properties. —The thin coating formed by the oxide on 
the brilliant surface of the metal protects the lead from further 
attack by the air. If, ho.wever, it is prepared in a very finely 
divided state, e.g., by heating lead tartrate oj citrate in the absence 
of air, it takes fire in the air even at ordinary temperatures. (Otlier 
metals can be reduced in a similar way to a fine state of divLsif)n, 
whereupon they ignite spontaneously in the air. A substance 
which exhibits this phenomenon is called a p y r o p h o r u s . ) 
When lead is melted, it becomes coated with red oxide of lead; 
by constantly removing the latter, the lead can be entirely oxidized. 
A compact mass is unaffected by sulphuric or hydrochloric acid, 
but, when finely divided, it reacts to form the corresponding salts. 
Nitric acid easily dissolves it to form the nitrate. Acetic acid 
and various vegetable acids attack it; since all lead salts are very 
piosonous and very serious effects result from chronic poisoning 
with insignificant but successive amounts, it is not admissible to 
use tin containing lead in tin-plating vessels for use in the kitchen. 

Zinc and iron precipitate the metal from solutions, A piece of 
zinc becomes covered with a dendritic crystalline mass (“ lead- 
tree”). This reaction can be expressed l^y: 

Zn+Pb--^Zn" + Pb, 

i.c. zinc is changed into the ionic condition, and the lead ions are 
discharged. How it comes about that one rnetal thus assumes tlic 
electrical charge of another may be explained by a hypothesis of 
Xi:UNST. His supposition is that every metal on coming in con- 
tact wi?h water or a solution tends to send positive ions into it. 
T his emission of ions continues until the positive charge acquired lyy 
the solution and the negative charge created on the metal balance 
hy their mutual attraction the tension (called the electrolytic 
^elution-tension) with which the ions are driven into the solution, 
this tension differs considerably for different metals; for zinc it 

much greater than for lead. When, therefore, a strip of zinc 
is dipped in a lead solution it forces zinc ions into the solution and 
the zinc thus becomes much more negatively charged than would 



278 


INORGANIC CHEMISTRY. 


a piece of lead by the emission of lead ions. The lead ions are 
therefore attracted by the zinc and discharged; i.c, lead is preciph 
tatcd from the solution. This process stops only when all the 
lead of the solution has been replaced by zinc. 

Distilled water, from which the air has been entirely removed 
by boiling, has no effect on lead, but the simultaneous action of air 
and water produce lead hydroxide, which is somewhat soluble in 
water. This hydroxide is converted into insoluble basic carbonate 
by carbonic acid. 

From a hygienic standpoint these properties of lead are of vast impor- 
tance, because drinking-water is almost universally conducted through 
pipes made of lead or material containing lead (“compo-pipes”). The 
absorption of lead from such pipes by water and the continuation of 
the process depends in a large measure on the proportion of salt in the 
water. As a rule, the less of salts it contains, the more lead it takes 
up. Kain-water, which is almost entirely free from solid matter, but 
contains oxygen, carbon dioxide and traces of ammonia, is, therefore, 
most likely to dissolve lead. The lead eave-troughs, etc,, ^vhich were 
once extensively used, should, therefore, be rejected, in case the rain- 
water is used for drinking. Well-water usually contains acid calcium 
carbonate and gypsum; as a result, the lead pii)es soon become coated 
with an insoluble layer of lead sulphate and basic carbonate (as well 
as caleium carbonate), so that after a while the lead can no longer be 
al:)sorbed by the ^vater. 

Lead is used for many purposes, not only in the elemental con- 
dition, but also in the form of alloys (see § 199). 

Oxides of Lead. 

204. The following oxides of lead. are known; Pb20, ThO, 

PbsOa, Pb304; Pb02, 

Lead suboxide, PbjO, is a velvet-black powder, which readily turns 
to lead oxide on heating in the air. 

Lead oxide, PbO, is the only one of these oxides with basic prop- 
erties. It is formed by direct synthesis from its elements {§ 203)- 
It is fusible, and congeals again to a reddish-yellow mass called 
litharge. By carefully heating lead, lead hydroxide or lead nitrate, 
the oxide is obtained as an amorphous brown powder (rmssu'Oi)- 
It is somewhat soluble in water, forming the hydroxide. It dis- 
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golvt's in caustic potash, and crystallizes out in rhombic prisms on 
cooling. 

Lead hydroxide, Pb(OH)2, is formed by precipitating a lead 
solution with an alkali. It is soluble in caustic alkalies, but insolu- 
ble in ammonia. On being warmed to IIS'" it gives up water and 
turns to oxide. It is somewhat soluble in water, imparting to the 
latter an alkaline reaction, and absorbs carbon dioxide from the air. 

Minium, or red lead, Pb304, is prepared by heating lead oxide 
or white lead in the air for quite a while at 300 - 400 °. Because 
of its pleasing red color it is used as a pigment in painting. 
Gentle heating makes the color a brighter red at first; stronger 
heating turns it violet and finally black; on cooling, however, 
the original color returns. By treating it with dilute nitric acid, 
lead nitrate and lead peroxide are formed, hence minium may be 
regarded as 2Pb0-Pb02. 

Lead peroxide, Pb 02 ; is obtained in the way just stated; more 
easily, how^ever, by passing chlorine into an alkaline lead solution 
or adding a hypochlorite to a lead salt, thus: 

2 PbCl 2 -f Ca(OCl)2 + 2H2O = 2Pb02 +CaCl2+ 4 IICI. 

Milk of lime is then added to neutralize the free acid. 

Lead peroxide is an amorphous dark-brown powder. It has the 
property, common to most peroxides, of giving up oxygen easily. 
At an elevated temperature it splits up into lead oxide and oxygen. 
On warming it with sulphuric acid, lead sulphate and oxygen are 
formed; on warming with hydrochloric acid, lead chloride and 
chlorine are produced. 

Lead peroxide, like the oxides CO2 and Sn 02 , has the character 
an acid anhydride; it is soluble in hot concentrated potassium 
hydroxide and this solution, on cooling, deposits crystals of the com- 
position K2Pb03 + 3H20 (which are thus entirely analogous in com- 
position to potassium stannatc). This phmbate is easily decomposed 
hy water into potassium hydroxide and lead peroxide. If we regard 
load peroxide as an acid anhydride, minium can be considered as 
the lead salt of the normal plumbic acid, Pb(OH)4, i.e. Pb2’Pb04. 
Hiis idea is confirmed by the following method of formation. If a 
solution of lead oxide in potassium hydroxide is added to a solution 
the plumbate KgPbOa, a yellow substance is precipitated having 
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the composition Pb304-H20, which gives off water readily and 
forms minium. 


If a mixture of litharge and calcium carbonate is heated in a current 
of air at 700°, carbon dioxide is given off, oxygen absorbed and cal- 
cium plumbate, CaPbOg, formed. If this plumbate is treated 
with carbon dioxide at about the same temperature, calcium carbonate 
and lead oxide arc again formed, while oxygen escapes. This process 
(discovered by Kassner) serves for the commercial manufacture of 
oxygen. The latter is brought on the market compressed in iron bottles 
(c/, also § 262). 

The oxide Pb203 is obtained by adding sodium hypochlorite to 
a solution of lead oxide in potassium hydroxide. It can be regarded 
as the lead salt, of a lead acid, H2pb03, i.e. as Pb-PbOa, for, on 
treatment with dilute nitric acid PbO^ (the anhydride of HaPbOa) 
and lead nitrate are formed. 


Halogen Compounds 

205. The halogen compounds of lead having the formula PbX2 
are difficultly soluble in cold water; lead fluoride is almost insoluble 
and the solubility of the three others decreases with increasing 
atomic weight of the halogen. 

Lead chloride, PbCU, is obtained as a white precipitate when 
dilute hydrochloric acid is added to the solution of a lead salt. At 
12 . 5 ° it dissolves in 135 , at 100 ° in less than 30 , parts of water 
and crystallizes from the hot solution in the form of white silky 
needles or lamellae. If an aqueous solution of lead chloride is treated 
with dilute hydrochloric acid, lead chloride js precipitated, for by 
the addition of Cl-ions the solubility product of lead chloride is 
exceeded; nevertheless, lead chloride is easily soluble in concentrated 
hydrochloric acid. This must be due to the formation of a com* 
pound of the chlorides of lead and hydrogen, an analogue of whieh 
has been found in Pbla *111 + 101120, which has been isolated. A 
characteristic compound of lead is the iodide Pbl2j which is 
cipitated from lead solutions by potassium iodide. It is scareeh' 
soluble in cold, but moderately soluble in hot water. It crystallize? 
out of a solution in dilute acetic acid in beautiful crystal flakes 
with a golden lustre. 
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Lead tetrachloride, PbCl^, is formed when a solution of lead dichloride 
in strong hydrochloric acid is saturated with chlorine. From this liquid 
ammonium chloride precipitates a lemon-yellow crystalline substance, 
2 NH 4 Cl-PbCl 4 , having a composition analogous to pink-salt (§ 201 ). 


Other Lead Salts. 


2o6. Lead nitrate, Pb(N 03 ) 2 , is obtained by dissolving lead in 
dilute nitric acid. It is colorless, crystallizes isometric and is 
soluble in 8 parts of water. Heating decomposes it (§ 122 ). 
Several basic lead nitrates are known 

Lead sulphate, PbS 04 , is practically insoluble in water and can 
therefore be obtained by precipitating a lead solution with dilute 
sulphuric acid or a soluble sulphate. It occurs as a mineral in 
crystallized form under the name of anglesite; it is isomorphous 
with the sulphate of barium, barite. Lead sulphate is soluble in 
concentrated sulphuric acid; hence the crude acid which is con- 
centrated in lead pans (§ 186, 3) contains lead sulphate; this is 
precipitated on diluting the acid with water. It is dissolved by 
concentrated alkalies. Ignition with charcoal easily reduces it to 


sulphide. 

Lead persulphate, Pb ( 804 ) 2 , can be obtained by the electrolysis 
of strong sulphuric acid (sp. g. 1 . 7 - 1 . 8 ) between electrodes of lead. 
The salt separates from the acid around the anode. It has not 
been obtained quite free from lead sulphate. It is a white granular 
substance. Water decomposes it readily into sulphuric acid and 
lead peroxide. It has strong oxidizing properties. 

Lead carbonate,. PbCOg, is deposited when a solution of the 
nitrate is treated with ammonium carbonate. White kwl, a basic 
carbonate, is used .extensively as a pigment. However, it soon 
turns black, if any hydrogen sulphide (from^ drainage pipes, etej 
comes in contact with it; moreover, it is injunous to the healt , 
because it comes off of the painted walls in the form 0 us an 
gets into the lungs. White lead is particularly valua e | 
(covering-power, i.e. the painted surface appears perfect y w 1 e 
when covered with only a very thin layer of the pigment, 1 
much greater than that of other white pigments, such as white zme 
and barite, which are frequently substituted for white lead because 
they are harmless. 
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The m a n u f a c t u r e 0 f white 1 e a d is still carried on exten* 
gively after the Dutch method. This consists in placing rolls or 
“buckles’’ of lead-plate into jars containing a little acetic acid. The 
vessels arc loosely covered with a leaden lid and buried in a heaii of 
home-manure. The heat generated by the decaying manure causes 
a part of the acetic acid to evaporate and converts the lead into basic 
load acetate, The latter is then transformed to white lead by the car- 
bon dioxide given off from the decaying heap. After about five or 
six weeks the plates are almost entirely changed to white lead. This 
is then ground moist, washed out (to i-emove any acetate) and dried 
whereupon it is sent to the market. 

Lead sulphide, PbS, is black and comes down amorphous wlien 
hydrogen sulphide is passed into a lead solution. A liquid con- 
taining only traces of lead is colored brown by sulphuretted hy- 
drogen; this is a very delicate means of testing for lead. Strong 
nitric acid oxidizes it readily to lead sulphate. 


SUMMARY OF THE CARBOX GROUP. 

207. The elements carhon, silicon , germanium, tin and lend 
form a natural group, as may be seen from a comparison of tlicir 
physical and chemical properties. In the following table the 
most important physical constants are summarized; licre, 
as in other natural groups, the gradual change of these constants 
with the rise of the atomic weight is very evident: 



C, 

Si. 

Ge. 

Sn. 

Pb, 

Atomic weij^ht, 
Specific gravity. 

Melting-point. . 
Boiling-point. . . 

12.00 

above 3000° 

28.4 

2.49 

very high ; 

72 

5.5 

circa 900° 

118.5 

7.29 

233° 

circa 1500° 

200.9 

11. 30 
* 331" 

I circa 1000 ° 


With respect to the chemical properties we note in 
first place that all these elements have the same compound-types, 
MX2 and MX4; in other words, that they are bi- or quadri-valcnt; 
this is even true of lead (PbOg, PbCl4, etc.), which does not fit 
into the table of physical properties with its boiling- and melting- 
points. Moreover, there is to be noted in general a transidon 
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from metalloid to metallic character, as is plainly shown by the 
following facts: 

1. Only carbon and silicon are kno^Ti to form hydrogen com- 
pounds (of an indifferent nature), 

2. Of the oxygen compounds of the MO type, that of carbon is 
indifferent and the others (no such compound of silicon is known) 
grow more basic in character as the atomic weight increases, lead 
hydroxide having rather strongly alkaline properties. 

3 . The oxygen compounds, RO2, however, are decidedly acidic 
ill character in the cases of carbon and silicon and also in the case 
of germanium, while in that of lead the salts of the acid H2P1:>()3 
are immediately decomposed by water, so that here the acid proper- 
ties appear much weakened. 

4. As to the halogen compounds, those of carbon (CX 4 ) are 
unaffected by cold water— perhaps because of their insolubility 
ill it; the other halogen compounds, iMX4, are decomposed by 
water. 

Ticad, in some of its physical and chemical properties, does not dis- 
play the gradation which is ordinarily met with in the elements of a 
group. This phenomenon is quite often observed in elements of very 
High atomic weight. In the nitrogen group we saw it in the case of 
bismuth. 

METHODS OF DETERMINING ATOMIC WEIGHTS. 

208. So far only one method of detenniniiig the atomic w'eight 
has been mentioned (§ 34 ). This consists in investigating as large 
as possible a number of gaseous compounds of the element as to 
their vapor density and empirical composition and then calculating 
how many grams of the element are contained in a mole of 
the various compounds. The smallest figure thus found is taken 

the atomic weight. Although this method is quite general, 
h has the drawback of affording only a certain degree of proba- 
a probability which becomes greater as the number of in- 
'■(’stigated compounds increases and which lessens the chance of 
finding a compound that contains per mole only a simple fraction 

the previously accepted atomic weight. 

There are, how^ever, other methods. None of them is so 
generally applicable as this, but they are of a more absolute char- 
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acter and have been of great value in the many cases in which 
they could be used. They furnish a very valuable check on the 
determinations made by the general method. These methods are 
based on the following laws; 

1. The law of DULOMG and PETIT. The product of the alomk 
weight of a solid element and its specific heui is about 6.4. This 
is evident from the table on the opposite page. 

Most of the values of the product lie the, table shows, very 
close to 6.4; the maximum is 6.9, the minimum 5.0. Calling this 
product the atomic heat, we can express the law of Dulong and 
Petit in the following simple way: The atomic heat of the solid ek‘ 
merits is approximaely constant and is about 6.4 

A few deviations have been pointed out in the last column ;dn 
such cases it has frequently been found, how^ever, that at an 
increased temperature the atomic heat approaches the value 6.4. 
This is probably due to the fact that at the temperature (room- 
temperature) at which the measurements of the specific heat of 
the elements have been mainly carried out, the elements are not 
all in the proper physical condition for comparison. It is notably 
the elements with atomic weights under 35 that show the greatest 
deviations. 

It is an interesting fact that there is a certain regularity to be found 
in these irregularities. The latter become more marked as the valence 
increases. 

Fdemcnt Li Be B C Na Mg AI Si P S 

Valence 1 2 3 4 1 2 3 4 3(5) 2(1,6) 

Atomic heat... 6. 6 3.7 2.8 1.9 6.7 6.1 5.8 4.6 5.9 5.7 

It is easy to see how the law of Dulong and Petit can be 
made use of for the determination of atomic weights. Inverting, 

i. 6.4 , 

we have ^ — vr=At. wt. 
bp. H. 

Of course the result thus obtained is only approximately 
correct, for the product 6.4 is not strictly constant. The method 
is, however, reliable enough to determine what multiple of the 
equivalent weight (§ 23), the e x a c t value of which can be found 
by analysis, is the atomic weight. 

209 , 2. Closely connected with the law just enunciated is that 
of Neumann, which has been more carefully investigated by 
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Element. 


Sp.H. 


At. Wt. 


Product. 


Remarks, 


Hydrogen. 

lithium. . 

Beryllium. 


6 

0.941 

0.408 


1.008 

7.03 

9.1 


6 

6.6 

3.7 


Liquid. 

Sp. H.at257®=0.58: proi 
= 5.2. 


Boron. 


0.264 


11.0 


^ , f amorphous.' 
Carbon i . . 


0.174 

0.143 


j 12.00 I 


Sodiuin. . . . 
Magnesium. 
Aluminium. 
Silicon. . . , 


0.293 

0.250 

0.214 

0.165 


23.05 
24. 3& 
27.1 
28.4 


Phosphorus. 


0.189 


31.0 


Sulphur. . . . 
Potassium^ 
Calcium, 
Scandium. . . 
Chromium. . 
Manganese. , 

Iron 

Cobalt 

h’ickel 

Copper 

Zinc 

Gallium. . . . 
Germanium. 

Arsenic 

Selenium. . . 
Bromine. . . . 
Zirconium. . 
Molybdenum 
Ruthenium. 
Rhodium. . . 
Palladium. . 

Silver 

Cadmium. . . 

Indium 

Tin 

Antimony. . 
Tellurium, . , 

Iodine 

hanthanum. 
Cerium 

Csmium. . , . 
^dium. , . 

■ Platinum. . *. 
Gold. . 

tnaihum. . . 
Lear] 

. . . 

&odum. . . . 

UraiiiiiTv, 


0.178 
0.166 
0.170 
0.153 
0.121 
0.122 
0.114 
0.107 
0.108 
0.095 
0.094 
0.079 
0.077 
0.082 
0.080 
0.084 
0.066 
0.072 
0.061 
0.058 
0.059 
0.057 
0.054 
0.057 
0.054 
0.051 
0.047 
0.054 
0.045 
0.045 
0.033 
0.031 
0.032 
0.032 
0.032 
0.032 
0.033 
0.031 
0.030 
0.027 
I A {V> 7 


32.06 
39.15 

■40.1 

44.1 

52.1 

55.0 

55.9 

59.0 

58.7 
63.6 

65.4 
70 

72.5 

75.0 

79.2 
79.96 

90.6 

96.0 

101.7 

103.0 

106.5 
107.93 

112.4 
115 

119.0 

120.2 

127.6 
126.97 

138.9 
140.25 
184 
191 

193.0 

194.8 
197.2 

200.0 

204.1 

206.9 

208.5 

232.5 
238 5 


2.8 

2.1 

1.7 

6.7 
6.1 

5.8 

4.6 

5.9 

5.7 
6.5 

6.8 

6.7 

6.3 
6.7 

6.4 

6.3 

6.4 
6.0 
6.1 

5.5 

5.6 

6.9 
6.3 

6.7 

6.0 

6.9 
6.3 
6.0 
6.0 
6.1 
6.0 
6.5 
6.5 
6.1 
6.0 

6.8 
6.2 
6.3 
6.1 

5.9 
6.1 
6,2 

6.3 

6.4 
6.7 

6.4 
6.2 
6.2 

6.5 


Amorphous. Sp. H. at 400® 
= 0.58; prod. = 6.4. 

Above 900“ Sp. H, =0.459; 
prod. =5.5, 


Crystallized. Sp. H. above 
200“ = 0.204; prod. =5.8, 
Y^ellow. Sp. H. of red P = 
0.1698; prod. =5.24. 
Rhombic. 


Crystallized, 

Do. 

Solid. 


Solid 
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NAULT and Kopp. This law says that in solid compounds each 
element has a constant atomic heat, which varies but little Irani that 
of the free element. The molecular heat is therefore equal to the 
sum of the atomic heats. If the molecular heat of solid com- 
pounds is divided by the number of atoms, the quotient must be 
about 6.4. In reality this quotient proved to be: for bromine 
compounds RBr, 6.9; for RBr 2 , 6.5; for iodine compounds RI, 6.7- 
RI 2 , 6.5. The law of Neumanx likewise holds for many elements 
whose specific heat in the solid state has not been susceptible of 
measurement, thus e.g. for chlorine compounds: for RCl com- 
pounds the quotient referred to was 6.4, for RCI 2 , 6,2, for certain 
double chlorides, 6. 1-6.2. For other elements, like oxygen, the 
atomic heat found from the molecular heat of the compounds is 
constant, but it is about 4.0 instead of about 6.4. The same is 
true of hydrogen, whose mean atomic heat in solid compounds 
is 2.3. These figures w^re found by determining the molecular 
heat of various oxygen or hydrogen compounds and subtracting 
from it the known atomic heats of the other elements. If the 
atomic heat thus obtained is divided by the atomic weight, we 
have the specific heat of the element in its compounds. 

The W'ay in w^hich the law of Neumann can be applied to 
atomic w'eight determinations is illustrated by the following 
example: 

The problem is to determine the atomic weight of ealcium with the 
help of the specific heat of sulphate of lime, CaSO^, which amounts to 
0.1966 according to Regnault. 

Analysis has shown that 1 kg. anhydrous calcium sulphate contains 
0.294 kg, calcium, 0.235 kg. sulphur and 0.471 kg, oxygen. The atomic 
heat of oxygen in compounds is 4.0 (see above), and, since its atomic 

weight is 16, the specific heat of oxygCn in its compounds is ^=0.25. 
In the same manner it is found that the specific heat of sulphur in com- 
pounds is ^ = 0.169. 

The heat-capadty of 0.235 kg. sulphur in com- 
pounds is therefore 0.235 XO. 169 = 0. 0397 

The heat-capacity of 0.471 oxygen m com- 


pounds is 0.417X0.25 =0.1177 

Total 0.1 ^7i 



210.] METHODS OF DETERMINING ATOMIC WEIGHTS, 287 

This sum subtracted from the specific heat of anhydrous calcium 
sulphate (0.1966) gives the heat-capacity of 0.294 kg. calcium: hence the 
latter is 

0.1966-0.1574-0.0392. 

The specific heat of calcium in its compounds is therefore 


0.0392 

0.294 


-0.133. 


The atomic heat of calcium as a metal, we may assume with great 
probability, is not far from 6.4. The atomic weight will therefore amount 
6.4 

to about 0^=48. 

Now the equivalent weight of calcium is known from the analysis of 
calcium chloride; it is 20.0, since 35.45 parts by weight of chlorine are in 
combination with 20 parts of calcium. The atomic weight must there- 
fore be this number or a simple multiple of it; evidently twice the 
equivalent weight, or 40, is the nearest of all the multiples to the num- 
ber 48, so that 40 must be taken as the atomic w'eight. 

The value of the atomic weight calculated from Netjmanx’s 
law therefore serves merely to decide what multiple of the equiva- 
lent weight must be taken; for this purpose the number so obtained 
is sufficiently accurate. 

210. The law of Mitscherlich. The crystal form oj com- 
fomds having analogoits chemical composition is the same: or, in 
other words, compounds of analogous chemical composition are 
isomor phous . The compounds KCI, KI, ICBr, e.g. are 
analogous in composition; they all crystallize in cubes. H2KPO4, 
H2KASO4, H2(NH4)P04 also have an analogous composition and 
iill crystallize in the tetragonal system. The analogous compounds 
KCIO4 and KMn04 both crystallize rhombic. 

If two compounds have been proved to be isomorphous, it is 
very probable that their composition is analogous, whereupon 
atomic weight is readily found. Let us, for example, take 
file case of manganese, supposing its atomic weight to be unknown, 
potassium permanganate is isomorphous with potassium per- 
I'hlorate, which latter is known to have the formula KCIO4. 

lysis has shown the formula of potassium permanganate to be 
^1^x04, X being unknown, for 39 parts (by weight) of potassium 
(1 atom) are combined with 64 parts of oxygen (4 atoms) and 55 
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parts of manganese [x atoms). From its isomorphism with KCIO 4 
it follows that its formula must be KMnO^ (i.e, x = 1 ), hence 55 
is the atomic weight of manganese. 

In determining the atomic weight of zinc we could use the iso^ 
morphism of the crystallized sulphates of magnesium and zinc. The 
formula of the former is MgS 04 -h 7 H 20 . On the basis of the 
analysis of zinc sulphate and the isomorphism mentioned w^e have 
the formula ZnS 04 + 7 H 20 , from which the atomic weight is ol). 
tained in the same way as above. 

The law of isomorphism was discovered as early as 1819. Since at 
that time the law of Avogadro received little attention and the dctiT* 
mination of the specific heat in many cases impossible, the phe- 
nomena of isomorphism were the most important means of getting 
information regarding the value of the atomic weight. Subsequently its 
importance for this purpose lessened, mainly because simpler means were 
found, but also because it proved to be very difficult in many cases to 
decide whether tw^o substances are isomorphous. ^foreover it was 
found that certain substances of entirely different composition are iso- 
morphous. 

For the determination of isomorphism the following methods are 
now^ in use: 

1, The determination of the crystal form. Measurements have 
shown that this is almost never exactly the same for substances of unques- 
tioned isomorphism, hence it is very difficult to fix a limit beyond whicli 
tw’o crystals shall not be considered alike. Again, the form of the crys- 
tals can Ije apparently exactly the same, while nevertheless no isomorph- 
ism exists, because one crystal is hemihedral and the otlier holohedral. 
This is the case, e.g., with potassium and sodium chloride, W'hich fora 
long time were incorrectly considered isomorphous. There are, however, 
various methods of detecting this difference in symmetry, e.g. by means 
of etch-figures; when the smooth faces are moistened W'ith a 
liquid which acts on the substance of the crystal, characteristic lines 
or figures are produced. If these etch-figures are the same for two 
crystals, which otherwise agree in form, the two have the same degree 

symmetry. 

2. Another characteristic of isomorphism is that isomorphous crystals 
have the ability to form mixed crystals, either in all pronor- 
tions, or within certain limits inside of which all proportions are possiW®* 
Solutions containing two salts that crystallize isomorphous must yield 
(Uystals whose composition with respect to the two salts can vary iu 
proportions or at least in all proportions between certain limits. The 
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formation of these mixed crystals is the most important evidence of iso- 
jnorphism. It should be noted that between perfect miscibility on the 
one hand and absolute immiscibility on the other, all intermediate 
stages may occur, just as in the case of liquids, so that here also the 
limit is hard to fix in many cases. 

3, A very delicate test for isomorphism, finally, is the fact that a 
supersaturated solution can be made to crystallize, not only by an 
extremely small amount of the dissolved substance itself (“sowing/’ 
or “inoculation'’), but by bodies that are isomorphous with it. 


THE PERIODIC SYSTEM OF THE ELEMENTS. 


21 1. In studying the elements which we have considered sn far, 
we have found that they can be arranged into groups of elements 
according to their valence, the elements of each showing great 
gimilarity in the types of their compounds. The physical and 
chemical properties of the elements of such a group are found 
to change progressively as the atomic weight increases. The 
question now arises whether all elements can be thus arranged into 
groups; the reply is affirmative. 


In the course of the bst century there was no lack of attempts to 
arrange the elements into groups of similar elements. Doeberkiner 
called attention to a simple relation between the atomic weights of kin- 
dred elements as early as 1817 and in 1829 he presented the doctrine of 
triads, i.e, he showed that there arc different groups of three elements 
each, which have a great similarity among themselves and a constant 
difference in the atomic weights, e.g. Cl, Br, I, Ca, Sr, Ba, etc. ^ n . e 
year 1865 the law of octaves was proposed by Newlands, he having dis- 
covered that, if the elements are arranged according to incre^mg atomic 
weight, after an interval of seven elements an element 
has properties analogous to those of the 6rst, i.e. the first, eighth, fifteenth 
etc.; arV similar. In 1869 MEHnELEErn and 
simultaneously reached conclusions which are compre len e 
term “periodic system.” 


If we arrange -the elements according to increasing atomlS. 
ircight, thus; ji j 


lA 7 Be 9.1 
Na 23 Mg 24 


B 11 C 12 N 14 ' 0 16 

A127.1 Si 28.4 P31.0 S 32 


FT9 

Cl 35.4, 
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we see that there is a gradml variation in the properties of elements 
in a horizontal line; after fluorine, however, a small increase in the 
atomic weight involves a sudden change of properties. Moreover 
those elements which are in the same vertical column show great 
similarity, as we saw above in the cases of carbon and silicon, 
nitrogen and phosphorus, etc. 

This regular change makes itself evident in the valenctoward 
oxygen, which rises from one (with Li and Na) to two (Be, Jig), 
three (B, Al), jour (C, Si), jive (N, P), six (S) and seven (Cl in CI 2 O 7 ). 
The valence toward hydrogen or a halogen increases, however, 
from om (Li) to jour (C) and then falls again to one (F). A similar 
regular change is to be observed with reference to the physical 
properties, e.g. specific gravity and atomic volume. 


Na Mk Al Si P(red) S a (Uq.) 

Sp. gravity 0.97 1.75 2.67 2.49 2.14 2.06 1.33 

At. volume 24 14 10 11 14 16 27 


By atomic volume wg understand the atomic weight divided by the 
weight of the ujiit volume (based on water of 4° as 1); it is therefore 
the number of cubic centimeters occupied by a gram-atom. 


Here we observe an, increase of the specific gravity up to alu- 
minium, then again a decrease to chlorine, while the atomic vol- 
ume, on the other hand, decreases from the beginning of the series 
to aluminium and then increases. This steady change of the 
same ])h 3 ^sical properties is also observ^ed in the compounds 
of the above elements. For the oxides, e.g. we have: 


Sp. gravity. 
At. volume. 


NasO 

M?0 

AI 2 O 3 

Si02 

P 2 O 6 

SOg 

CIA 

2.8 

3.7 

4.0 

2.6 

2.7 

1.9 


22 

22 

25 

45 

55 

82 

? 


Moreover, if we WTite down a series of elements according to 
increasing atomic weight, beginning with another univalent metal, 
we discover irregularities of exactly the same sort as the above. 
The following series may serve as an example of this: 

A« Cd In Sn Sb Te- f 

Atomic wt 107.8 112.4 115 119.0 120.2 127.6 12/.0 

Sp. gravity 10.5 8.6 7.4 7.2 6.7 6.2 

Here also we find the same gradual rise of valence from silver, 
which is univalent, to septivalent iodine, the progressive transi- 
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^ion from metal to metalloid and a continuous decrease in specific 
gravity. But more; if we put this last row^ under the first tw’o: 

H 1 

jj 7 Be 9.1 B 11 C 12 N 14 0 16 F 19 

Xa 23.1 Mg 24.4 A1 27.1 Si 28.4 P 31.0 S 32.1 Cl 35.5 

Ag 107.9 Cd 112.4 In 115 Sn 119.0 Sb 120.2 Te 127.6 I 127.0, 

it is apparent that the elements in the same vertical columns 

belong to a group. This has been demonstrated for the last four 
columns in preceding chapters; it will be proved for the others 
later on. 

In the light of these facts, w^e are led to the conclusion that 
f/ic physical and chemical properties of the elements are junctions of 
their atomic weights; and when w'e consider the series beginning 
with lithium and sodium, and note that in each instance, after a 
difference of about 16, there follows another element with corre- 
sponding properties, we are led to the supposition that these 
properties are periodic functions of the atomic weights. 

By a function we understand in general a dependent relation between 
two or more magnitudes, of such a sort that, ^\hen one changes, the 
other does likewise. In the equations y=a±x; y=az] etc., 

y is a function of :r. A periodic function requires that the same value 
appear for one magnitude in regular intervals as the other magnitude 
steadily increases. An example of this kind is presented by the gonio- 
metric'^ functions, as y =sin etc., for every time z increases by 2;:, y 
comes to have the same value again. 

If we desire to substantiate the conclusion just stated, we sh^l 
have to investigate first the length of each period, in other words, 
determine how many elements intervene in the table, according to 
hicreasing atomic weight betw^een twm with analogous properties. 

It has already been show that for the elements as far as chlo- 
rine, a period always includes seven elements. After chlorine 
fomes potassium (39), which thus falls into the column under 
sodiuin. The following elements, 

^ K39.2 Ca40.1 Sc44.1 Ti48.1 V51.2 Cr52.1 Mn55.0, 
^orrcvspond very well with the preceding series, 

Ifa23.1 Mg24.4 A127.1 Si28.4 P31.0 S32.1 035.5, 
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at least so far as tlie valence and the form of the compound are 
concerned (AI2O3 and SC2O3, Ti02 and Si02, K2Cr04 and 1\2S04, 
KMn04 and KCIO4), although the similarity of these elements in 
other respects is not very marked. 

The elements following manganese, viz., Fe 55.9, Co 59.0, 
Ni 58.7, however, do not fit in at all under K, Ca, Sc; but if we 
pass these by there follows another series of seven elements, whicli 
corresponds to the one beginning with potassium: 

Cu63.6 Zn 6^5.4 Ga 70 Ge72.5 As 75.0 Se 79.2 BrSO.O. 

Wc therefore reach the conclusion that, after the first two periods 
of seven elements ending with chlorine must come one of seventeen 
elements (two of seven each, and three elements placed at the side), 
if the elements in the same vertical column are to correspond in 
their properii(‘s. 

This large period of seventeen elements can, therefore, be 
arranged under the preceding small period of seven elements in 
the following way: 

SM.\LL PERIOD, 

Ka23.1 Mg24.4 A127.1 Si28.4 P31.0 S32.1 C135.5 

LARGE PERIOD. 

K39.2 Ca40.1 Sc44.1 Ti48.1 Vr)1.2 Cr52.1 Mn55.0 Fe55.9 Co59.0 
Ni58.7 Cu63.6 Zn6o.4 Ga70 Ga72.5 As75.0 Se79 2 BrSO.O. 

In order to arrange in periods the elements whose atomic weights 
exceed eighty, it is again necessary to assume large periods, and, 
moreover, to leave several places vacant. In this manner we 
arrive at the scheme known as Mexdele:eff’s table (see p. 294). 

As to the position of hydrogen in this table opinions are divided, 
Mexdeleeff placed this element in the first group, above lithium; its 
chemical properties indicate without doubt th^t it belongs with these 
metals. On the other hand, Orme Masson has presented arguments 
for placing it at the head of group VII, as is done in this table. These 
arguments are as follows: 

(1) The molecule of hydrogen contains two atoms, aa does a IvdogeD 
molecule, while the molecule of an alkali metal consists of one 'itoffl- 
(2) The very low boiling-point of hydrogen indicates a similarity to 
the halogens: moreover the boiling-points of the alkali metals fall with 
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increasing atomic weight. (3) The difference between the atomic 
weights of the elements of a horizontal series is, on the average, 3. By 
olacing hydrogen in group VII it differs by 3 from the next element, 
helium; but it is then also in good agreement with fluorine, for the 
mean difference in atomic weight between the successive elements of a 
column is 16. The difference F - H = 18, while Li - H = G, i.e. , there is no 
analogy in the.latter case. (4) Liquid and solid hydrogen have no metallic 
properties. (5) The most important argument for placing hydrogen 
in the fust group is based on its relation to the acids, wliich may be 
regarded as salts of hydrogen. But in organic compounds chlorine 
can replace hydrogen without essentially altering the nature of the 
substance. This ‘^organic’' argument thus offsets the ‘‘inorganic” 
one, based on the analogy of acids and salts. 

212 . Group VIII, as has been said, owes its origin to the setting 
at the side of the elements included in it, for by this means the 
corresponding elements of groups I-VII could be brought under 
each other. It will thus be of importance to the system, if the 
nine elements of this group display so much analogy to each other 
that the grouping of them together appears actually justified. Now 
this is really the case, as is seen from the following study of their 
properties ’ 

1. All these elements are ot a gray color and difficultly fusi- 
ble; indeed, osmium is one of the hardest of all metals to fee 
(2500°); iridium melts at 1950°, wrought iron at 1500°, etc. The 
melting-point of iron is higher than that of cobalt, and the latter 
higher than that of nickel. A similar fall of this constant is found 
with ruthenium, rhodium and palladium, and also wit osmium, 


iridium and platinum. -ii iu 

2. Their atomic volumes are small in comparison with those 

of the neighboring elements. The atomic volume o mo y 
is 11.2, that of ruthenium, rhodium and palladium abou , a 
silver 10.3: that of cadmium 13.0. 

‘ 3. They display in a marked degree the ability o e y g 
pa.s through at red-heat, or to condense it on 
dinary temperatures. The former property is especiall) P 
iron and platinum, the latter in palladium. in 

4. It is only with these metals that we find RO 4 
other words, they are the only also those 

'J0mpoimdsOsO4 and HuOi, for examp , 

carbon monoxide, as Ni(CO)4 and Fe(C0)4. We 
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11 Au 197.2 Hk 200.0 T1 204.1* Pb 200.9 Bi 20S.5 
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a (reiicral tendency to fomi compounds with carbon monoxide, 
e FtCl2 • 3 CO, In this last compound platinum can also be com 
sidered octivalent. 

5 . They form stable and, in most cases, well-crystallizing 
double salts with potassium cyanide. Iron, ruthenium, and 
osnihun give compounds of the type K4R(CN)6; cobalt, rhodium, 
and iridium form K3 R(CN)g, while the elements of the last column, 
nickel palladium, and platinum, give K 2 R(CN )4 double salts. 

6 . They all form colored salts: those of cobalt are red or blue; 
the nickel salts are green; all the rest are of various shades of 
brown. 

7 . They all possess the ability to condense on themselves 
other gases than hydrogen in larger or smaller amounts; especially 
is this true of the platinum metals. Platinum and palladium 
absorb carbon monoxide greedily. 

213. Let us now examine the seven other groups (vertical col- 
umns) more closely. If we bear in mind what was stated with 
reference to the large periods, it is apparent that not all the ele- 
ments in such a group display perfect chemical analogy. Buch 
analogy is found, however, when we compare with each other 
only those elements that belong to the even or the odd rows of 
the large periods. The similarity of the elements of these divisions 
is seen, in the case of the large periods, from the following facts. 

1. Only the elements of the odd rows give hydrogen or alkyl 
compounds. 

2. In the even rows the basic properties of the hydroxides are 
prominent, in the odd rows the acidic properties. 

, In general it may be said that, passing from left to right in t e 
table, we meet first those that form the strongest bases and then 
gradually those that give acids. The latter property is mos 
marked in the halogens, since they even form strong acids on 
comliination with hydrogen. 

A similar change is observed in going from the top to the bottom 
of the system. As the atomic weight increases, the metallic (base- 
forming) nature of the elements in each group becomes more 

predominant. . . 1 ■ 

214. The periodic system of the elements is of value m four 

^ilforent respects: 

1 . In constructing a system of the elements. 
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2. In ascertaining the atomic weights of elements whose equiva- 
lent weights only could be determined. 

3. In foretelling the properties of elements as yet undiscovered. 

4. In confirming or correcting atomic weights. 

Let us look at these various applications in some detail: 

The Use of the Periodic Law in Constructing a System of the 
Elements. 

215. After a careful comparison of the elements Mendelkeff 
reached the following important conclusion: The entire charackroj 
an element, as displayed in its physical as well as in its ckenikd 
froperties, is determined by the position whkh ii occfapdes in the sys- 
tm and particularly by the ]our adjacent elements, the atomic 
analogues. If an element is in an even series, the elements in 
the adjoining even series are its atomic analogues; the same is true 
of the odd rows. From this it follows that, when the properties of 
an element are exactly known, its place in the system can be 
assigned. A couple of illustrations will make this clear. 

The element beryllium possesses marked analogy to alumin- 
ium on the one hand and magnesium on the other; therefore it 
was a much discussed question whether its oxide should be given 
the formula lleO or Be 203 . Since, according to analysis, 9.1 
parts Be combine mth 16 parts 0, the atomic weight w'ould be 
in the former case 9.1, in the latter |X 9.1 = 13.7 With the atomic 
weight 13.7 the element would stand between nitrogen and oxygen; 
as nitrogen and the elements of the sulphur group as well vdeld 
only acid-forming oxides, beryllium oxide would have to be an 
acid anhydride too, which is not the ease, it being a basic oxide. 
Thus beryllium would not fit in the system with that atomic weight. 
If, however, it has the atomic weight 9.4, it falls in the horizont^ 
series between the strongly basic lithium and the weakly acidic 
boron and over magnesium, with which it shows real analogy. 
Tliis is indeed its fit place, i.e. its properties are those which must 
belong tQ, an element in this position (see table). Farther, the 
properties of beryllium are to those of lithium as the properties 
of boron are to those of beryllium, or, in the form of a proportiou. 
Be:Li: :B:Be. Just as lithium forms a more strongly basic oxide 
than beryllium, so the basic character of beryllium oxide is stronger 
than that of boron oxide; again, beryllium chloride is more vola* 
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jjle than lithium chloride, boron chloride more volatile than 
bcrj'llium chloride. 

We also have the relation Be : Mg : : Li : Na : :B ; Al, for beryllium 
oxide is less basic than magnesium oxide, lithium oxide than 
sodium oxide, boron oxide than aluminium oxide. Beryllium 
fluoride dissolves in water, magnesium fluoride does not; simi- 
larly boron fluoride, but not aluminium fluoride, is soluble in water. 

Finally we have Bc:Al: :Li:Mg: :B:Si. The hydroxides of 
ber\dlium and aluminiiun are very similar to each other; they are 
gelatinous and soluble in alkalies. Both metals are scarcely acted 
upon by nitric acid and both dissolve in alkalies with the evolution 
of hydrogen. Their chlorides must be prepared in the same way 
from the oxides (by heating with charcoal in a current of chlorine), 
likewise lithium and magnesium are analogous in certain respects; 
the carbonate and the phosphate of lithium, like the corresponding 
salts of magnesium, are very difficultly soluble, which is in marked 
contrast with the other metals of the lithium group. Boron and 
silicon both form very refractory oxides and salts; their fluorine 
compounds arc decomposed by w^ater in a similar manner, etc. 

The evidence in accordance with which beryllium was assigned its 
present position in the system "was subsequently confirmed directly 
by the determination of the vapor density of the chloride, which led 
to the formula BeCla. The vapor density of the beryllium compound 
of an organic substance (acetylacetone) also led to 9.1 as the atomic 
weight of beryllium. 

As a second example let us take thallium. This element dis- 
plays analogy with the alkali metals and also with aluminium, ^ 
Well as with lead and mercury. According to its atomic weight it 
iftustlie between the two latter and belongs in the aluminium group. 
This position is justified when the following relation is taken into 
'XJnsideration: 

Tl:Al::Hg:Mg::rb:Si. 

The highest stages of oxidation show unmistakable analogy, 
since the oxides have the same properties by pairs. The oxides of 
“^Inminium and thallium are weakly basic, those of merciip^ (ic) 
oiagncsium more strongly basic, while lead dioxide an si ica 
slightly acidic. Thallium, mercury and lead ^11 form lower 
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oxides of strongly basic character (TI 2 O, HggO, SbO,) which alumin. 
iuni, magnesium and silicon are unable to do. The oxide TI 2 O 
is comparable with K 2 O in its properties, the lead monoxide with 
calcium oxide (Tl:K: :Pb:Ca); see the table. In regard to the' 
physical properties, it should be observed that in the matter of 
volatility thallium lies between mercury and lead. 

Use of the System in Ascertaining the Atomic Weights of Ele- 
ments whose Equivalent Weights only are known. 

216. A good instance is that of the very rare element indium, 
^^^len the periodic system was established only the ecjuivalent 
weight of indium was known, the analysis of the chloride havlnff 
shown it to be 38.3, i.e. it was known that 38.3 parts of indium eoiu- 
bine with 3.5.5 parts of chlorine. If this were the atomic weight 
and conseciuently In 2 () the formula of the oxide, the element would 
have to occupy the place which potassium now has. Not onlv is 
this place taken, but the oxide is only weakly basic, Avhile it sliould 
have strongly basic properties if it belonged to the first group. If 
the atomic weight were 7G.6, corresponding to the oxide Inf ), the 
element would stand between arsenic and selenium in the fiible; its 
oxide could not then have the formula TnO, but w'oukl have to hp 
in 2()5 or In 203 and have acid properties. On the other hand, there 
i' no place for a metal w'ith tlie atomif^ weight 76.6 and an oxide InO 
ill the second group, where the oxides have this type. If tlie oxide 
be ln 203 , the atomic weight of indium must be 115. Now, us a 
matter of fact, there is a vacant place in the system between 
Cd = 112 and Sn = 119 for an element wdth an R 2 O 3 oxide, li' 
the same way as we have shown it for the oxides R 2 O and h it ean | 
also be demonstrated that indium could not be located in tlie tahk 
with an oxide ln 02 , In 205 , InOj, etc^ There remains, tluis, no 
other possibility than to give the oxide the formula In^Oa and 
element an atpuiie weight of 115. 

Let us now' see whether the properties of the element and 
compounds conform to this location. Two of its atomic analogno-’ 
for this position arc cadmium and tin. The oxides of both arc 
reduced; this is true also of indium oxide. If, now, we consider 
the metals: 

Ag, Cd, In, Sn, Sb (7th series), 



217 .] THE PERIODIC SYSTEM OF THE ELEMENTS. 299 

we iiotic 6 first tl^t the inelting-point of silver lies higher than that 
of cadmium; likewise antimony melts higher than tin: 

Ag>Cd; Sn<Sb. 

If indium fits in this series, it must, therefore, have the lowest 
melting-point of these five metals. This is actually the case; its 
melting-point is 176^ In the color of the metals there is a further 
analogy; silver, cadmium and tin are white, and so is indium. As 
to the specific gravity, cadmium has the specific gravity 8 . 6 , silver 
10.5; the difference is thus 1.9. The difference of the specific 
gravities of tin and antimony is, on the contrary, small, 
7.3 -6.7 = 0 . 6 . If indium stands between these two pairs of 
elements its specific gravity should be smaller than the mean be- 
tween cadmium and tin, i.e. K8-b+7.3) =7.9. In reality its 
specific gravity is 7.42. 

The position of the metal requires that its oxide be feebly basic, 
weaker even than the oxides of cadmium and thallium (TI 2 O 3 ), 
since cadmium is at the left and thallium farther down in the system 
{§ 215) ; on the other hand, it must be more strongly basic than 
the oxides of aluminium and tin. This condition also is fulfilled, 
as the following sets forth: the oxides of aluminium and tin, be- 
cause of their slightly acid nature, dissolve in alkalies, forming defi- 
nite compounds with the latter. The oxides of cadmium and 
thallium, however, are insoluble in alkalies; they are distinctly 
basic. Indium sesquioxide is soluble in alkalies, but forms no 
definite compound with them. 

Finally, there is also the conduct of indium salts toward hydro- 
gen sulphide which supports the placing of the element between 
cadmium and tin, for indium also is precipitated by hydrogen sul- 
phide from acid solutions. 


Prediction of the Properties of Elements yet Undiscovered. 

217 , When Menoel^.eff constructed his table, the elements 
gallium and germanium (fifth series) were still unknown. From 
the properties of the atomic analogues he ventured however at that 
time to predict the properties of these elements; thirteen years 
later Winkler discovered an clement with the atomic weight 72 
(^luNUELtEFF had termed such an one “ekasilicon’^; the discoverer 
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named it genmnium). Indeed there proved to be a very close 
agreement between the actual properties and those predicted^ as tlie 
following summary evidences: 


Fropertiea of ekasilioon predicted by 
Menoelesff. 


1. The atomic weight must be the 

mean of the four atomic ana- 
logues Si, Sn, Zn, Se, i.e, i 

{(2SA + 118.5 + C5.4 + 79. 1 ) = 72.85. 

2. The specific gravity (deduced as 

for indium above) must be 5.5. 

3. The atomic volume must lie be- 

tween those of silicon (13) and 
tin (Ifi), but be only a trifle 
above 13. 

4. Since it belongs in an odd series, it 

must be able to form alkyl com- 
pounds. Judging from analogies, 
the boiling-point of Es(C.^HJ^ 
must be IfiO*^, its specific gravity 
0.95. 

5. The acid properties of EsO^ must 

be stronger than those of SnOj. 

6. The specific gravity of EsO^ is 4. 7. 

7. Since the oxides of indium and 

araenic are easily reduced, this 
must also be true of EsOj. 

8. EsSj, because of its analogy with 

SnS,, will probably be soluble in 

NH,8a 

9. EsCli is liquid, boils below 100® 

(since the boiling- {Mint of SiCb is 
57® and that of SnCl 4 115®), and 
has a specific gravity of 1.9. 

10. KaSnpQ being more readily soluble 
in water than K^SiF^, the solu- 
bility of KjEsFg must also be 
greater than that of K^SiF,. 


Properties of germanium discovered by 

WlSKUSH. 


1. At. wt.=72.5. 


2. Sp. g.“5.469at20®. 

3. At. vol. =13.3. 


4. Alkyl compounds were obtained. 
Ge(C 2 Hj 4 boils at IGO® and ita 
specific gravity is a little less 
than 1. 


5. GeOj lacks entirely the basic prop- 

erties which are found to a lim- 
ited extent in SnOj. 

6. The specific gravity of GeO, is 

4.703 at 18°. 

7. GeOg is easily reduced to the metal 

by heating with carbon or in 
hydrogen. 

8. GeSj dissolves readily in 


9. Gedg is liquid, boils at 86°, and 

has a specific gravity of 1.887. 

10. K^iFfl is almost insoluble: 

iCjGeF* dissolves in 34 parts of 
boiling water. 


TTse of the Periodic Systam in Correcting Atomic Weights. 

2i8. In the group of the platinum metals the atomic weights 
were previously determined by Berzelius and Fremy to be as 
follows: Os = 199, Ft 198, Ir 197. In this order the metals named 
do not/ however, fit into the system, for osmium should be the 
first of the three on account of its analogy with iron and ruthenium. 
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j.e. it should have the smallest atomic weight of the three. On 
tjie other hand, platinum^ which is more akin to palladium, ought 
to have the highest atomic weight. A painstaking investigation 
bv Seubert showed that in reality osmium has the atomic weight 
191, iridium 193.0, and platinum 194.8, which order is in harmony 
with the system. 

219. Graphic representation.— The fact that an arrangement 
of the elements according to increasing atomic weight also makes 
the gradual change of the physical properties apparent can be 
seen most clearly from a graphic representation (as proposed by 
LothaR Meyer), in which the atomic weights are the abscissas 
and the atomic volumes the ordinates (see Plate I at end of book). 

The first thing we notice in the cun^e is the regular rise and 
fall of atomic volumes. At the beginning of each period the 
ato[nic volume is at a maximum ; it reaches a miniimim half way 
through the period (in the large periods at group YIll) and then 
increases again. In the descending portions are the ductile, on 
the ascending the brittle, elements. On the ascending portions 
and at the maxima are, further, the gaseous and the easily fusible 
elements; on the descending and at the minima the difficultly 
and very difficultly fusible. On the descending portions are the 
electro-positive, on the ascending the electro-negative, elements. 
The periodicity of the elements thus becomes very evident. 

220 . The discovery of the periodic system once more thrust Into 
the foreground of interest one of the oldest of questions, viz., that con- 
cerning the uniiy of matter 

The striking connection between all the properties of the elements 
and their atomic weights leads unavoidably to the assumption of a 
pnmrdial or ground substance. As to the nature of this substance no 
evidence is at present obtainable. Prou'C, in 1815, regarded hydrogen 
^ such a substance. He observed that the (then accepted) atomic 
weights of many elements, iSased on hydrogen as unity, are whole num- 
1^1^. Later, very accurate atomic weight determinations, particu- 
larly those of Stas, which were undertaken with the purpose of testing 
this hypothesis, demonstrated with certainty, however, that it was 
^fitenable. 

221. The periodic system of the elements is one of the most important 
discoveries in the field of inorganic chemistry; it can never lose its impor- 
tance, though it is graduaUy becoming more evident that the system 
“‘its present form represents the relations of the elements to each other 
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merely in an approximate way and is only a crude first attempt at a 
real system. 

There are indeed serious objections to the periodic sys- 
tem, which are of such a nature that some people rather hastily declare 
it to be absolutely worthless. These objections concern, in the first 
place, the positions which certain elements occupy in the system, and 
which agree very poorly with their properties. This is the case, e.g., 
with gold and copper, which, indeed, show some analogy with lithium 
and sodium in their oM.'?-compounds, but otherwise differ decidedly from 
the latter elements. The same is true of the metals of the cerium group 
(Cc, La, Nd, Pr, etc.). It cannot be denied that their atomic weights 
have been selected somewhat arbitrarily from the various (rather unhar- 
monious) results of the determinations recorded, in order to fit them 
into the system; and even then the analogy with the other elements 
of the same group is still feeble. If the reply be made that these ele- 
ments are still too little known because of their rarity and the great 
expenditure of energy and pains required for their investigation, it 
must be protested that the same is also true of those better known, 
such as cerium, and that if these elements should disclose themselves 
as complexes of several (which is not improbable), it is very doubtful 
whether there would be a place in the system for elements with approxi- 
mately those properties which we are at present acquainted with in 
lanthanum, neodymium, and praseodymium, unless more than one 
clement were put in a place, as has been proposed, 

A second objection concerns the inability to fit all elements into the 
system. This is particularly the case with tellurium. Its physical 
and chemical properties put it without doubt in the sulphur group, and 
here there is a space for it, if its atomic weight were only about 125i 
or at least smaller than that of iodine (126.85) . Nevertheless repeated 
and careful investigations have fixed its atomic weight at 127.6. 

As to the elements discovered in the atmosphere since 1894, viz., 
helium (at. wt. 4), neon f20), argon (40 , Irypton (81.6) and xenon (128), 
it is clear that they form a natural group, for their properties disjday 
great analogy (see § 110). Since they are not able to form compounds 
with other elements, they can be regarded as nullivalent. In that case 
their group could find a place after the eighth, or before the first, group 
(compare the table, page 294), thus forming a bridge, or transition, 
from the strongest electro-negative, to the strongest electro-positive, 
elements. However, it must be noted that argon with an atomic weight 
of 40 precedes potassium with an atomic weight of 39. As may be ^cen 
ftom Plate I, their atomic volumes fit into Lothar Meyer’s ciuve 
very well. 
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LITHIUM AND SODIUM. 

Lithium. 

222. This metal is not found free in nature; in combination, however, 
it is very widely distributed, although always in small amounts. Many 
mineral waters contain it. It occurs chiefly in the silicate kpidolile^ or 
lithiormica, also as the phosphate in triphylite and in company with alu- 
minium, sodium, and fluorine in amblygonite. Finally, lithium is met 
with in the ashes of certain plants, such as tobacco, indicating that it is 
also contained in the soil. With the aid of the spectroscope it can be 
detected in very many minerals. 

Lithium can be obtained from lepidolite by the following very simple 
process: The mineral is fused and then poured into cold water, whereupon 
it becomes very brittle and its silicates are brought into such a condition 
that they can be decomposed by hydrochloric acid. Tiie finely powdered 
mass is boiled with hydrochloric acid and the metals Ca, Al, Mg, etc., 
precipitated by soda from the resulting solution (after filtering off the 
silica), lithium and the other alkali metals remaining in solution. By 
evaporation a salt mixture is obtained from which the lithium chloride 
can be isolated by extraction with alcohol, the insoluble chlorides of 
sodium and potassium remaining behind. 

Metallic lithium is prepared by electrolysis of the fused chloride or a 
concentrated solution of this salt in pyridine. It is tlie lightest of all 
solid substances, its specific gravity being only 0.59, so that it floats 
on coal-oil. It is silvery-white but tarnishes very rapidly in moist air. 
Melting-point 180». When heated in the air it burns with an mtei« 
while light to the oxide; at ordinary temperatures it is not so gadfly 
o.ddined as sodium and potassium. It decomposes water with the 
evolution of hydrogen; the heat generated is sufficient, however, to 

melt the metal. ♦ . . • i i j 

Lithium oxide, Li,0, and hydroxide, LiOII. The former ,s obtained 
bv heating the nitrate strongly. It dissolves in water slowly, forming 
the hydroxide. The latter is a white, crystalline substance, smi 
to caustic soda; it dissolves in water, producing a strongly alkaliie 

""'Lithium chloride, LiCl, crystallises anhydrous in regular 
below 0“ it takes up two molecules of water of crystal iza ion 
It dissolves very easily in water and deliquesces m mois “• 

Lithium carbonate. Li,CO,i -like the -"s of e „ h r ffik 1 
is difficultly soluble in water (100 parts of water d “P ^ 

part); hence it can be precipitated from the concentrated solution 
the chloride by ammonium carbonate. 
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Lithium phosphate, Li 3 P 04 , is likewise very sparingly soluble in 
water (1 part in 2539 parts of water), although the phosphates of the 
other alkalies are freely soluble. The formation of this salt serves as 
a test for lithium. 

The lithium spectrum consists of two red bands, one of which in par- 
ticular is easy to recognize. 

Sodium. 

223 . Sodium occurs in nature in enormous quantities and is 
very widely diffused. It is a constituent of countless Silicates 
and, as a result of rock decay, gets into the soil, whence it enters 
the plants and finally reaches the animal organism. The nitrate 
is known as Chili saltpetre, the chloride as rockhsalt or htlite, the 
carbonate as soda; the cryolite (ice-stone) of Greenland is a sodium 
aluminium fluoride. Common salt, NaCl, constitutes the main 
part of the saline matter in sea-water. Certain bodies of water 
such as the Dead Sea of Palestine, and the Great Salt Lake in 
North America, are almost saturated solutions of common salt. 

The metal was first obtained by Davy in 1807 by the elec- 
trolysis of molten sodium hydroxide. Gay-Lussac and Tiienaed 
got it by heating sodium hydroxide with powdered iron to white 
heat. The first named method is the one now generally employed 
for its commercial manufacture, inasmuch as electric power can 
be obtained quite cheaply. 

Another commercial process is to heat sodium hydroxide with 
a mixture of iron and finely-divided carbon, such as is obtained 
by heating iron oxide with tar. The iron serves to keep the carbon 
immersed in the molten hydroxide. The reaction takes place 
according to the equation: 

4NaOH + 20 = NagCOa + 2Na -h 2 H 2 + CO. 

This is carried out in iron retorts. The metal is vaporized and is 
condensed in shallow flat iron receivers under coal-oil. It is then 
purified by fusing it under boiling coal-oil of high boiling-point 
and pressing it through linen sacks. Finally it is cast into plates, 
which are broken up, or into sticks, when it is ready for the market. 

Sodium is silvery -white, melts at 95 . 6 ® and boils at 900®, turn- 
ing at the latter temperature to a colorless vapor. At ordinary 
temperatures it is very soft, so that it can be readily cut witli a 
knife. It can also be easily pressed through a small hole, coining 
out in the form of wire. Sp. g. at 13.5® =>=0.9735. 
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The molecule of sodium contains only one atom, as is proved 
by the depression of the freezing-point of its solution in tin. A 
great many metals have this same property. 

In the moist air the bright surface of a freshly cut piece tarnishes 
rapidly, but in air that has been dried with phosphorus pentoxide 
it keeps its metallic lustre for days. Sodium can be heated in the 
air to melting and even still higher without catching fire. It 
ignites only when heated strongly, whereupon it burns with a very 
bright yellow light (especially in an atmosphere of oxygen). With 
water it generates hydrogen, sodium hydroxide being also formed. 
If it is held firmly in one place during this process (e.g. by laying 
it on a piece of filter-paper floating on water, or upon ice), the 
hydrogen takes fire because of the localization of the heat produc- 
tion. 

Sodium finds extensive use in the laboratory and in the arts. 
Because of its strong reducing-power it is often used to obtain 
the elements from their oxides; magnesium and aluminium were 
formerly obtained thus. In organic chemistry it is also frequently 
employed for various purposes. 

OXIDES AND HYDROXIDES OF SODIUM. 

224. On burning sodium in dry oxygen a mixture of two oxides, 
Na20 and Na202, results. The former is also obtained by heating 
sodium with caustic soda: 

Na0H4-Na=Na20+H. 

The product is a gray mass, which dissolves in water, forming 
sodium hydroxide, NaOH, and giving off much heat, 

The peroxide, Na202, is obtained by heafting sodium in a 
current of oxygen till no more oxygen is absorbed. ^ With 8 mols. 
water it forms a hydrate, Na202+8H20. Since it yields hydrogen 
peroxide with dilute acids and is a vigorous oxidizing-agent it is 
manufactured commercially. 

Sodium hydroxide, NaOH, caustic soih, is formed, together 
with metallic sodium-, when sodium monoxide is reduced in a cur- 
Tcrit of hydrogen. The ordinary method of preparing caustic soda 
consists in boiling soda with slaked lime: 

Na2C03 +Ca(OH)2 -2Na0H+CaC03; 

cr 2Na-+CO3''+Ca“ + 2OH'=2(Na' + OH0+CaCO3. 
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As the solubility product (§ 73) of CaCJOs molecules is very small, 
the ions Ca” and CO/' must unite and the carbonate of lime sinks 
to the bottom. In order to make the decomposition of sodium 
carbonate complete, a slight excess of slaked lime is added. Never- 
theless, the solution does not contain an appreciable quantity of 
calcium hydroxide. The reason of this is clear: in the solution 
there are a large number of OH-ions; as a result the number 
of Cadons can only be very small, for the value of the solubility 
product of calcium hydroxide is reached with even a very low 
concentration of the latter ions. The hydroxide is obtained by 
evaporation, whereupon it is often cast into sticks for the market. 
It is radiate-crystalline and very hygroscopic. It dissolves in 
water mth the evolution of considerable heat. Sodium hydroxide 
is a very strong base; it is used in the arts for numerous pur- 
poses, among others the manufacture of soap. 

SALTS OF SODIUM. 

22$. The sodium .salts are of great industrial importance; many 
of them are prepared in enormous quantities. The starting-point 
for their manufacture is usually common salt. 

Sodium chloride, NaCl, common salt, is found in large masses 
as rock-salt, e.g. at Stassfurt and Reichenhall and in Galicia, where 
it is dug out by miners. Farther, large amounts are obtained 
from sea-water and the water of salb-wells. Three methods are 
employed to remove salt. In warm countries (e.g. on the coast 
of the Mediterranean) the water is let* into flat basins of very 
large surface area salterns'^. In these the water evaporates 
by the sun’s heat and almost pure sodium chloride crystallizes 
put. Later on, the other salts of sear water separate out; these 
are also worked up commercially. In countries with a cold climate 
(e.g. on the shores of the White Sea) the water is allowed to freeze 
in flat basins. The ice that forms is free from salt so that the 
remaining liquid is more concentrated. 

In countries of the temperate zone the sea-water is concentrated 
by letting it evaporate spontaneously from a very large surface. 
This^ done by the “ graduation ’’ process (Fig. 54). Bundles of 
fagots are piled up together in a “ rick,’' above which a trough 
with small outlet-holes runs from end to end. The brine is pumped 
up into the trough and trickles down from along the entire length of 
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the latter upon the brush; in this way the surface of the salt 
solution 13 greatly enlarged and the evaporation is made much 
more rapid. ^ A very concentrated brine flows out at the bottom. 

The salt is obtained from this concentrated solution by boilin" 
(“salt^boiling”). Common salt is almost equally soluble in hot 
and cold water, hence it does not crystallize out on cooling but falls 
out at the same rate as the saturated brine evaporates, even while 



Fig. 54.— Gr.\du.\tion Process. 


boiling hot The salt obtained from the first crystallization is of 
course impure, containing small amounts of magnesium salts, 
^hich render it hygroscopic. In order to purify it, it is redissolved 
^ water and again precipitated by evaporation. 

Chemically pure sodium chloride is obtained by passing hydro- 
chloric acid gas into a saturated solution of the salt or treating the 
solution with the concentrated acid. The sodium chloride is 
^oposited because it is less soluble in hydrochloric acid than in 
(§ 205 ). 
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Common salt crystallizes in cubes; when the solution evaporates 
slowly the well-known hollow four-sided pyramids, or hopper, 
crystals (Fig. 55), are formed. Sp. g.=2.16. M.-pt.=776®. 

100 parts of water dissolve 36 parts NaCl atO”. 
39 parts at 100°; a saturated solution contains 
about 26% of salt. The crystals frequently 
enclose some of the mother-liquor; for this 
reason they decrepitate on heating. On cool- 
ing below - 10° a saturated solution depos- 

Fig. 55 , -Hopper- of the commsition NaCl+HoO 

CBtsT^vL OF Salt. , , , , , . , , .-n • i, ’ 

which lose their water at 0 . Chemically 
pure sodium chloride is not hygroscopic. It 
is insoluble in absolute alcohol. 

Sodium bromide, XaBr, and sodium iodide, Nal, are more soluble 
in water than the chloride. From hot solutions they crystallize ia 
anhydrous cubes, below 30'’ in monoclinic crystals with 2 mols. H,0. 
Sodium bromide is difficultly soluble, sodium iodide easily soluble, in 
alcohol. 

Sodium thiosulphate, Na2S203‘5H20, is employed in photog- 
raphy (§ 247), in titrating iodine (§ 93) and as an antichlor (§*S2). 
It melts in its water of crystallization at 45° and fonns super- 
saturated solutions very easily. 

Sodium sulphate, Na2S04 -101120 {sal mirahik Glauberi^ Glau- 
ber’s salt— so called after the discoverer), can be obtained in various 
wa\^: (1) by heating common salt with concentrated sulphuric 
acid; (2) by conducting a mixture of air, sulphur dioxide and 
steam over hot sodium chloride (Hargreave’s method) : 

2NaCl + SO2 + 0 -h H2O == Na2S04 +2HCI; 

(3) by the double decompo.sition of magnesium sulphate and 
sodium chloride at a low temperature (win ter- temperature): 

MgS04 + 2NaCl = MgCl2 -f Na2S04. 

This last process is carried out at Stassfurt, where large masse^ of 
magnesium sulphate occur. 

At ordinary temperatures Glauber’s salt crystallizes with ten 
molecules of w^ater; above 33° it goes over into a mixture of water 
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and anhydrous salt; below 33 ® the hydrous salt, Na 2 SO 4 ‘ 10 H 2 O, 
is again formed. The system Na2S04-10H20^Na2S04+10H20 
thus has a transition point at 33 °. This is confirmed by the fact 
tliat the solubility of Glauber’s salt in water suddenly changes at 
33° from a rapid increase with rising temperature to a slow de- 
crease. 

This salt, like the preceding one, forms supersaturated solutions 
easily. The solution saturated at 33 ° can be cooled down to room- 
temperature without any deposition if care is taken to exclude 
even the tiniest crystal of the salt. 

When a crystal of Glauber’s salt is exposed to the air it effloresces, 
i.e. it gives off water vapor and l;)ecomes opaque, like chalk. This 
is e\'idcntly due to the fact that the vapor tension of its water of 
(Tvstallization is greater throughout than that of the water ^^apor 
in the air. Inversely, we say that a salt deliqvesces when it takes 
up water vapor from the air, as a result of the vapor tension of 
its saturated solution being less than the mean tension of the water 
vapor in the atmosphere. It is found that a perfectly sound crystal 
of Xa2SO4*10H2O does not effloresce, but that when efflorescence 
has begun at any point it spreads over the ciy^stal, The phase rule 
gives a satisfactory explanation of this phenomenon. We have 
in the Glauber’s salt two substances, Na2S04 and H2O; in the case 
of a perfectly bright crystal exposed to the air we have only two 
phases, Na2S04-10H20 and H2O (moisture of the air). According 
to the equation P -\-F=B ^2 (§ 71 ) we still have in this system 
two degrees of freedom, i.e., the pressure of the water vapor and 
the temperature can both be selected arbitrarily (within certain 
hniits). If, however, some dehydrated salt is present, the number 
of phases is three; then there is only one degree of freedom, or^ 
in other words, every temperature has only one corresponding 
pressure and inversely every pressure only one corresponding 
temperature. 

(dauber’s salt is used in medicine; in the arte it is employed 
fhielly in the manufacture of soda. 

Sodium nitrate, NaNOs, called Chili salipelre because of its 
^tensive occurrence in Chili, crystallizes in rhombohedrons and 
ttelts at 318 °. It is somewhat hygroscopic. Large quantities of 
't are used in fertilizing and also in the preparation of nitric acid 
potash saltpetre. 
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Sodium nitrite, NaN02, is obtained by heating the nitrate, tlie 
addition of a reducing-agent such as lead or iron aiding the process. 
It is very soluble in water and is consumed in large quantities in 
the aniline-dye indust^}^ 

Sodium phosphates. (See § 146 .) Trisodium phosphate, 
Na3P04 -121120, is split up in aqueous solution chiefly imo 
sodium hydroxide and the secondary salt, for the solution reacts 
strongly alkaline and absorbs carbonic acid from the air. The 
ordinary ^'sodhim phosphate’ ' is the disodium phosphate, 
Na2HP04 -121120. It separates from its aqueous solution at 
ordinary temperatures in large crystals which soon effloresce. 100 
parts H2O dissolve 9.3 parts of the salt at 20 ° and 24.1 parts at 
30 °. The solution is' feebly alkaline. By leading in carbonic acid 
gas a liquid of amphoteric reaction (c/. § 224 ) is obtained, which 
turns blue litmus red as w ell as red litmus blue. M 0 n 0 s 0 d i u m 
phosphate, NaH2P04-H20, reacts acid. It is converted 
by heat into the metaphosphate. 

226. Sodium carbonate, Na2C03 -101120 (soda, sal-soda), is, 
next to the chloride, the most important sodium salt and it is 
manufactured on an enormous scale. It occurs in nature in Egypt, 
in America (^yyoming), on the' Caspian Sea, and elsewhere; the 
ashes of many marine plants contain it. 

The manujadure of soda is carried on by three different methods: 

(1) The Le Blanc soda process. 

The Le Blanc process consists of three parts. In the first 
place common salt is warmed with strong sulphuric acid (chamber- 
acid); hydrochloric acid and sodium sulphate (salt-cake) are 
formed: 


2 NaCl-hH 2 S 04 =xNaCl-f-NaHS 04 +HCl; 

NaCl^ NaHS 04 = Na 2 S 04 -h HCl. 

In the second part ‘of the process sodium sulphate is heated 
with coal and limestone, the following reactions taking place: 

Na2S04 + 2C = NagS + 2 CO 2 ; 

Na2S +CaC03=CaS-f NaaCOa. 
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The third section of the process consists in lixiviating the mass 
last obtained {“ black-ash ”) with water^ whereby sodium carbonate 
is dissolved out. The latter is then obtained from this solution by 

crj’stallization. 

An important branch of the process is the utilization of the 
by-products. The hydrochloric acid is sold as such or else is con- 
verted into chlorine (for the preparation of chloride of lime, etc.). 
From the insoluble residue (“ tank waste the sulphur is recovered 
in different ways and converted anew into sulphuric acid. 

The following is a more detailed account of the entire process. 
a. The preparation of sodium sulphate, or the salt-cake 
process. Common salt and chamber acid are mixed in a large 
shallow iron pan A (Fig. 56), which is kept a trifle Avarm. Thus 



Fig. 56.— Sulphate, or Salt-cake, Furnace. 

acid sulphate is formed, while hydrochloric acid gas escapes in 
large amounts through C. This gas is conducted to the bottom of 
'towers filled with coke and pieces of brick, over which water 
trickles and so becomes saturated with the ascending g^. 

The reaction of the acid sulphate with sodium chloride to form 
Glauber’s salt requires a higher temperature. Therefore,^ after 
the mixture of sulphuric acid and salt has been wanne m le 
pan for about an hour and has become solid, the sliding door is 
raFed and the mixture is raked over into a sort of muffle B, whic 
la heated directly over the open fire. The hy roc one a(.if 
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escapes through D and is again conducted through the absorjiiion 
tower. 

6. The formation of the soda, or black-ash process. 
The Glauber's salt Is mixed with limestone, a little ignited lime arid 
powdered coal; for example, 10 parts of the salt, 7 parts of liiac- 
stone, 0.7 part of lime and 7.5 parts of coal. The mixture is put 
in a horizontal cylinder which can revolve on a wide hollow axle 
(Fig. 57). The furnace flame passes through the axle. By tiim- 



Fig. .'>7.— Revolving Black-ash Furnace. 


ing the cylinder, a thorough mixing and even heating is brought 
about. After about two hours the reaction is ended and the black 
molten mass is allowed to flow out by a door in the wall of tlie 
cylinder and down into small cars. The black color of the sub- 
stance is due to the excess of coal employed. It contains calciim 
sulphide, lime and sodium carbonate, besides many other com- 
pounds in smaller amounts. 

c. The extraction of the soda, or lixiviation of the 
ash. In this it is important to extract as large a quantity of the 
ash as possible with the least amount of water. This is act-oni* 
plished by letting the water course through a series of tanks con- 
taining the pulverized ash. This is so conducted that the fresh 
water flnst reaches the vessel from which the soda is almost all 
extracted and then goes to the remaining ones richer and richer in 
soda, till finally, almost saturated, it meets the fresh ash (Counter- 
current principle). 

Since an excess of carbonate of lime is used and part of th^ 
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goes over into lime on heating, a certain amount of caustic soda 
is incidentally obtained. By treating this with carbon dioxide 
it is converted into soda. The entire solution is then evaporated 
in shallow tanks (at D, Fig. 57), the tanks being heated by the 
hot gases from the revolving cylinder. The resulting crystals arc 
then calcined and yield crude soda. 

The latter is further purified by exposing it to a hot current of 
air. This oxidizes traces of sulphides to sulphates, and also 
removes the yellow coloration due to the sulphides. 

The soda residues, or tank waste. This contains all the 
sulphur, which was used in the process in the form of sulphuric 
acid; the percentage of sulphur is 15-20^^ It is therefore of ^•cry 
great importance to recover the sulphur from this waste and so be 
aide to use it again to make new sulphuric acid. This is done 
according to the method of Chance. The fresh wavstc is diluted 
with water to the consistency of a thin paste and then put into 
a system of high cylinders, through which the carboniferous gases 
from the lime-kiln are forced. The hydrogen sulphide, still v(Ty 
dilute, escaping from the first cydinder enters the second cylinder 
containing fresh waste and is there absorbed with the formation 
of calcium sulphydratc: 

CaS + H2S = Ca(SH)2. 

At the same time the incidental constituents of the lime-kiln gases, 
such as nitrogen, escape, hinally the sulphuretted hydrogen is 
again expelled from the second cylinder by carbon dioxide: 

Ca(SH) 2 + CO 2 + H 2 O = CaCOs + 2 H 2 S, 

and is collected in large gasometers, the water of which is covered 
with adayer of petroleum. The gas so obtained contains about 
^3% of hydrogen sulphide. This is then burned to sulphur dioxide 
the latter is converted into sulphuric acid in the lead chamber. 
In more modern plants the gas is burned immediately upon coming 
from the cylinders, although still mixed with carbon dioxide and 
nitrogen. The final residue in the cylinders consists chiefly of 
carbonate of lime with 2-3% of sodium carbonate. It can be 
nsed again in the soda process and is also quite desirab e 
aaterial for the manufacture of cement. The hydrogen sulphide 
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also yields sulphur by incomplete combustion, which sulphur is 
very pure. Part of the soda residues, moreover, is worked up into 
sodium thiosulphate. The slow oxidation of the residues yields 
calcium thiosulphate, which can be extracted with water. There- 
upon Glauber’s salt is added, and a double decomposition results 
which precipitates calcium sulphate, while sodium thiosulphate 
stays in solution. The latter salt is obtained by evaporation. 

(2) The ammonia-soda process of Solvay. 

This process, ^vhich originally presented numerous technical 

difficulties, is now so perfected that it threatens to displace that of 
Le Plant; in Germany already more than five-sixths of the total 
soda production is by the Solvay process. In England, however, 
the Le Blanc process is still most extensively used. The chemistry 
of the Solvay process is very simple. Ammonia and carbon 
dioxide are led alternately into a cold concentrated salt solution 
under pressure. The following reaction then takes place: 

NaCl -f (NH4)HC03 ^NaHCOg-f NH4CI. 

The acid sodium carbonate (“ bicarbonate ”) so formed sepa- 
rates out, inasmuch as it is very difficultly soluble in the cold con- 
centrated ammonium chloride solution. It is broken up, on 
heating, into soda and carbon dioxide) the latter of which is carried 
back to be used over. The ammonium chloride solution is dis- 
tilled with lime or magnesia, whereby ammonia is recovered. 
*1 he only waste-product, therefore, is chloride of calcium or chloride 
of magnesium, which can be worked up into hydrochloric acid or 
chlorine. Magnesium chloride, e.g., yields chlorme on heating in 
a current of air and is converted into magnesium oxide, "which can 
be used anew in the decomposition of the ammonium chloride 
solution. 

( 3 ) Electrolytic Soda. 

This process is based on the following actions: The electrol}?!^ 
of an aqueous sodium chloride solution yields chlorine at the anode 
and hydrogen and sodium hydroxide at the cathode (see § 2 S 1 ). 
The anode is made of retort graphite because this is indifferent 
to the^ action of nascent chlorine; the cathode is made of iron. 
By using mercury instead of iron, sodium amalgam is formed, 
from which the mercury can be recovered by distillation. 
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sodium hydroxide which is the product of this action is converted 
into the carbonate by passing in carbon dioxide. 

The apparently very simple process of electrolysis of a sodium chloride 
solution, expressed ordinarily by the equations 

NaCl=Na+Cl and Na+H^O-NaOH+H, 

is in reality rather complicated. The resulting sodium hydroxide is 
itself an electrolyte and is broken up into sodium and hydroxyl ions. 
The sodium thus liberated immediately forms new hydroxide, but with- 
out increasing the alkalinity, since it was previously present as sodium 
hydroxide. The practical result, therefore, is a decomposition of water 
and consumption of electrical power proportional to the latter. More- 
over the products of the electrolysis, sodium hydroxide and chlorine, 
interact forthwith, forming sodium hypochlorite. The hypochlorite 
diffuses in the solution and can be affected by the current in three ways: 
It can \ye split up by electrolysis, like every other salt of a oxy-acid, 
into base and acid ^vith the evolution of detonating-gas; it can be 
reduced at the cathode to sodium chloride; and, thirdly, it can be oxi- 
dized at the anode to sodium chlorate. The latter, however, (;an 
itself be electrolyzed or reduced. 

Sodium carbonate crystallizes at ordinary temperatures with 
ten molecules of water of crystallization in large transparent 
monoclinic crystals, which soon turn white and dull from loss of 
water (efflorescence). They melt at 60° in their own water; on 
continued warming the hydrate Na2C03+2H20 Ls deposited; the 
latter loses one molectilc of water in dry air and the remainder at 
100°. At 30°-50° rhombic prisms of the composition Na2C03 
+7H2O c^stallize out of the aqueous solution. 100 parts H^O 
dissolve 6.97 parts of the anhydrous salt at 0°, 51.67 parts at 38°. 
'Ide aqueous solution reacts strongly alkaline (§ 184) because of 
hydrolysis. As was set forth in § 146, this phenomenon must 
always occur when a salt of a weak base and a strong acid or a 
salt of a weak acid and a strong base is formed. In case both 
acid and base are weak the hydrolysis will be all the greater, 
^^hich reaction the solution of such a salt will give depends on 
the relative strengths of the acid and base. 

•*Soda is used commercially on a large scale, particularly in 
the soap and glass industries. It is the washing-soda '' of the 

household. 
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Acid sodium carbonate, NaHCOs (bicarbonate of soda), is 
obtained as a primary product in the Solvay process. It dis- 
solves in 10-11 parts of water at room temperature and reacts 
alkaline. On being gently warmed it breaks up into carbon 
dioxide, water and soda; this decomposition occurs even on warm- 
ing the aqueous solution, and when a current of air is passed 
through the concentrated solution at ordinary temperatures car- 
bon dioxide escapes. It is used extensively in baking-powders 
and is the saleratus of commerce. 

Sodium silicate (sodium 'water-glass) is prepared, among other 
w'ays, by fusing sand with Glauber^s salt and charcoal. This 
yields a vitreous mass, which Ls dissolved by boiling water. The 
concentrated solution has the consistency of glue. It finds use a.s 
a fixative in calico printing, as well as for impregnating inflam- 
mable textiles like theater decorations, etc.; it is also used for 
“ filling '' soaps. 

The sulphides of sodium correspond to those of potassium and 
are prepared in the same way (see Potassium). 

Sodium borate:, cj. Borax (§ 283 ). 


POTASSItJM. 

227. Compounds of potassium occur in nature very extensively 
but not in such large quantities as those of sodium. Potassium 
exists principally in the silicates, especially feldspar and mica. 
Upon the decay of these minerals it Ls carried into the soil and 
thence into the plants, to wliich potassium compounds are indis- 
pensable. Potassium salts are also found in sea- water. The 
largest source of them, however, is the Stassfurt Abrmm 
salts ” (§ 44 ), mainly double-salts of potassium and magnesium, 
such as camallite, MgCl2 ■ KCl • 6H2O, kainite, MgS04-KCU3H20, 
etc. 

The metal was first obtained by Davy by the electrolysis of 
molten caustic potash. One of the commercial methods is to 
ignite a mixture of carbonate of potash and powdered charcoal 
(preferably charred acid potassium tartrate). The extraction 
the metal is thus analogous to that of sodium; in the prepara- 
tion of potassium, however, potassium carbonyl C6(OK)0, may bo 
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formed under certain circumstances, a substance which acquires 
explosive properties on exposure to the air. 

Potassium has a silvery-white metallic lustre and is almost as 
soft as wax at ordinary temperatures. Sp. g. =0.875 at 13°. It 
melts at 62.5° and boils at about 720°, forming a green vapor. The 
mirror-like surface of the metal immediately becomes dull in the 
air; when heated in the air it burns with an intense violet light. 
Water is decomposed by it with great vigor, the heat evolved 
being sufficient to ignite the escaping hydrogen and drive the 
piece of potassium around on the water. 

Oxygen Compounds of Potassium. 

228 . Potassium oxide, K 2 O, is formed by oxidizing thin shav- 
ings of potassium in dry ah or by heatin^g the peroxide with the 
metal. It is a white substance, which unites with water to form 
the hydroxide with the evolution of much heat. 

Potassium peroxide, KO 2 , is produced together with the mon- 
oxide on burning potassium in the air. It Ls dark yellow. In con- 
tact with water it yields potassium hydroxide, hydrogen peroxide 
and free oxygen. 

Potassium hydroxide, KOH, results from the action of potas- 
sium on water and is generally prepared in the same manner as 
sodium hydroxide, viz., by treating potassium carbonate solution 
with milk of lime, Ca(OH) 2 . It can also be obtained by heating 
saltpetre, with powdered copper (forming copper oxide and potas- 
sium oxide), and adding water; the copper oxide can be removed 
by filtration. The hydroxide usually comes on the market in 
sticks. 

The commercial product (“ caustic potash ”) is obtained chiefly 
by the first method and usually contains a little sulphate, chloride, 
etc., besides the carbonate which k gradually formed by the action 
of atmospheric carbon dioxide. It can be purified by treating with 
strong alcohol, which dissolves only the hydroxide; after filtering, 
the.alcoholic solution is evaporated in a silver dish. Caustic soda 
Is also purified in this way. 

Potassium hydroxide is one of the strongest bases, n t e so 1 
state it greedily absorbs water and carbon dioxide from tbe air and 
finally deiiquescesto a concentrated solution of potassium car ona e, 
"■hile sodium hydroxide under these conditions turns to a solid 
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white mass of soda. For this reason caustic potash is a much more 
suitable absorptive agent for carbon dioxide in analyses than caustic 
soda, for the use of the latter might easily cause a stopping up of 
the apparatus. 

Caustic potash is used especially in the manufacture* of soft 


Potassium Salts. 

229. Potassium chloride, KCl, occurs at Stassfurt in the min- 
eral sylvite. It crystallizes in cubes and melts at 730°. It is easily 
volatilized at elevated temperatures. 100 parts H2O dissolve 25.5 
parts KCl at 0°, 57 parts at 100°. Like its sodium analogue, 
potassium chloride is precipitated from its saturated solution by 
hydrochloric acid. It unites with many salts to form double salts. 

Potassium bromide, KBr, is important therapeutically. It is 
prepared by mixing bromine with a potassium hydroxide solution, 
the bromide and bromate being formed; the bromate is reduced 
by heating the salty product with powdered charcoal. Potassium 
bromide crystallizes in cubes and dissolves readily in water. 

Potassium iodide, KI, also of medicinal value, can be prepared 
like the bromide and also in the following manner: Iodine and 
iron filings are mixed together under water, whereupon a solu- 
tion of the compound Feals is formed; on treating this with a 
potash solution the oxide Fe304 is precipitated, carbon dioxide 
escapes and potassium iodide is left in solution; the salt is tlien 
obtained by filtration and evaporation. It crystallizes in cubes 
and is very soluble in water: 1 part H2O dissolves 1.278 parts 
KI at 0°. On exposure to light or the air the crystals gradually 
turn yellow because of the separation of iodine. 

It was remarked in § 46 that iodine, though only slightly 
soluble in water, dissolves to a much greater extent when the 
water contains potassium iodide. This is due to the formation 
of a compound of iodine in the latter case. That the iodine lias 
entered into combination may be concluded from the fact that 
carbon disulphide takes up nearly all the iodine from an aqueous 
solution of the latter when it is shaken with the solution, bat 
only a small proportion when the same operation is performcfl 
with a solution of iodine in a dilute aqueous solution of potassium 
iodide. The distribution ratio for iodine between water and cat' 
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bon dMphide is 1 :410. If, therefore, we divide the coneentra- 
tion of the lodme m carbon disulphide by 410, we obtain the con- 
centration of the free iodine in the potassium iodide solution. 
Subtracting this from the total concentration of the iodine in 
this solutioa, we have the amount of combined iodine It is found 
that IKI, or, rather, IF, ha« taken up I 3 ' ions are thus formed 
in the solution. 

Nevertheless, a solution of iodine and potassium iodide in 
water behaves in many cases as if all the iodine were present in 
the free state, e.g. when it is titrated with sodium thiosulphate. 
This must be explained by the supposition that in the liquid we 
have the equilibrium: 




If the free iodine is removed, the equilibrium is disturbed; a 
new portion of I3' must therefore split up, and so on till it is entirely 
consumed. 

Potassium fluoride, KF, possesses a peculiar property, which Is 
lacking with the other halogen compounds of potassium: it com- 
bines with hydrofluoric acid eagerly, forming the double halide 
KF-HF. 

Potassium cyanide, KCN (often also written KCy), is manufac- 
tured on a large scale by fusing yellow prussiate of potash with 
potash: 


K4Fe(CN)6+ K2CO3 = dCNK-h KCNO -f CO2+ Fe. 

The cyanate of potassium KCNO is reduced by the iron to potassium 
eyanide also. It is very soluble in water, forming a strongly 
alkaline solution. On account of its great tendency to form double- 
salts, it is employed in electro-metallurgy. It is also used in 
extracting gold from its ores (§ 248 ). 

Potassium chlorate, KCIO3, can be obtained by passing chlo- 
rine into a h 0 1 solution of caustic potash (§ 56 ). It is now pre- 
pared almost exclusively by the electrolysis of a hot solution of 
potassium chloride; however, it is more advantageous to first pre- 
pare sodium chlorate in this way, and then treat this with potassium 
chloride, because sodium chlorate is much more soluble and does 
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not retard the electrolytic process by separating from the solution, 
as does potassium chlorate. 

Potassium chlorate is a well-crystallized salt, which is used for 
the preparation of oxygen (§ 9 ); furthermore, it is used in (he 
manufacture of matches and fireworks, and also medicinally as a 
remedy for sore throat. On being heated it gives up oxygen, 
part of the salt being at the same time converted into potassium 
perchlorate, KCIO4. 

The last-named salt is difficultly soluble in water. It is sometimes 
found in crude Cliili saltpetre, rendering the latter unfit for use in 
fertilizing various cultivated plants. 

Potassium sulphate, K2SO4, is obtained by the action of sul- 
phuric acid on potassium chloride. It crystallizes in beautiful, 
lustrous rhombic prisms and dissolves with some difficulty in cold 
water (1 part in 10 parts H2O at room temperature). It is used 
principally for the preparation of potash according to the Le 
Blanc method. Acid potassium sulphate, KHSO4, is very soluble 
in water; it melts at 200*^, losing water and going over into potas- 
sium pyrosulphate, K2S2O7. The latter breaks up into potassium 
sulphate and sulphur trioxide on heating. 

Potassium nitrate, KNO3, is widely distributed in nature,— 
although usually found only in small amounts, — for it is formed 
wherever nitrogeneous organic bodies decay in contact with potas- 
sium compounds. This is the basis of an artificial method of 
preparing saltpetre, which method was formerly much used. 

Another process of manufacture depends on the double decom- 
position of Chili saltpetre with potassium chloride, which is obtained 
in large quantities at Stassfurt: 

KCl -h NaNOa “ KNO3 -f- NaCL 

For this purpose hot-saturated solutions of the two salts are brought 
together. As sodium chloride is much less soluble than saltpetre 
at the temperature of boiling water, it is the first to crystallize 
out on evaporation, but when the solution is cooled the saltpetre 
comes out first, for it is much less soluble than sodium chloride 
in cold water. 
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Potash saltpetre crystallizes in anhydrous prisms, either rhom- 
bohedral or rhombic according to the temperature. In the neigh- 
borhood of the melting-point the former Is the stable variety 
at ordinary temperatures the latter. The location of the transi- 
tion point of the two forms has not yet been determined, 100 
parts H2O dissolve 13.3 parts KNO3 at 0*^, 247 at 100^ It melts 
at 338°; farther heating breaks it up into potassium nitrite and 
oxvgen. It has a cooling taste. 

230, Potash saltpetre is consumed in large quantities in the 
manufacture of (junpmder. This is a mixture of sulphur, charcoal 
and potash saltpetre, the proportions varying in different co\mtries, 
but being in most cases 75% KNO3, 10% S and 15% charcoal. 

These proportions of the three ingredients correspond very closely to 
2 molecules KXO3, 1 atom S, and 3 atoms C, which would call for 74.8% 
KXO3, 11.8% S and 13.4%^ C. One might therefore be inclined to 
express the decomposition of gunpowder, in the main, by the equation; 

2KXO3 + S + 3C = KjS -f- X2 + 3CO2. 

The chemical reactions which come into play in the explosion of gun- 
powder are really much more complex, however. Abel and Nobel have 
investiga!ed the products formed when it explodes under conditions 
analogous to those in firing a gun. They found that about 55-58% 
of solid matter remains, i.e., about 45-42% goes off as gas. Ihe 
solids are at least half potash, while potassium sulphate and thiosul- 
phate also are found in considerable quantities. The gases are chiefly 
carbon dioxide and nitrogen^ and carbon monoxide in a smaller quantity. 
The tension of the gaseous products amounted to about 6400 atmos- 
pheres and the temperature attained was about 2200 . 

The solid products of the combustion of gunpowder become very 
finely divided as a result of the explosion and remain suspended in the 
air for a long time as smoke. Gunpow<ler (black powder), which was 
formerly the only explosive material in use, is now being supjplanted 
more and more by smokeless powder. This consists of organic sub- 
stances which yield only gaseous products on exploding, and hence 
there is no smoke. (See Org. Chem., § 231.) 

231. Potassium phosphates.— The three potassium salts of 
phosphoric acid are known. They are very soluble in water. 

Potassium carbonate, K2CO3, potash— This salt was formerly 
oi’tained solely from wood-ashes, these being soaked in water and 
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the strained liquor evaporated. At present it is manufactured 
extensi\'ely from potassium chloride after the Le Blanc process. 
Another source of potash is the molasses of the beet-sugar fac- 
tories, that contains the potassium salts in which the sugar-beet Is 
rich. 

At the Ncustassfurt salt mine it is made from potassium chloride 
by a patented process as follows: Magnesium carbonate, MgC03 -311,0, 
is suspended in a solution of potassium chloride, and carbon dioxide 
is led in, whereupon the following reaction takes place: 

SMgCOg . 3H2O + 2 KC 1 + CO2 = MgClj + 2 MgC 03 ■ KHCO3 - H2O. 

The potassium magnesium carbonate separates out and is broken up 
by heating to a temperature not exceeding 80° into magnesium car- 
bonate and potash. The former salt is again obtained mth three mole- 
cules of water of crystallization, which form is the only one suited for 
the above reaction. 

Potassium carbonate is a white powder, which deliquesces 
in the air and is very soluble in water (1.12 parts K2CO3 in 1 part 
H2O at 20 °) ; the solution has a strong alkaline reaction. The salt 
melts at 838 °. It is used in the preparation of soft soaps and hard 
glass (potash-glass). 

Potassium silicate, potassium water-glass, is formed when sand 
is fused with potash. Different salts of this sort are described. 
They dissolve in water, forming a thick, mucilaginous mass which 
on drying turns to a vitreous, and finally opaque, product. 
Potassium water-glass is used for the same purposes as sodium 
water-glass. 


Sulphides of Potassium. 

Potassium monosulphide, K2S, is prepared by reducing potas- 
sium sulphate with charcoal. It dissolves in water very readily 
and crystallizes out with five molecules of water. It absorbs 
oxygen from the air, going over into the thiosulphate and hydroxide: 

2K2S + H2O + 2O2 = K2S2O3 + 2 KOH. 

Acids react with it, liberating hydrogen sulphide. 
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Potassium hydrosulphide, KSH, is obtained by saturating a 
caustic potash solution with hydrogen sulphide: 

KOH-hHgS^KSH+H^O, 

It is very soluble in water, the solution reacting alkaline; on 
evaporation in vacuo the solution deposits crystals of the com- 
position 2 KSHd-H 20 . With potassium hydroxide it forms the 
monosulphide: 

KSH+K0H=K2S + H20. 

Potassium polysulphides.— When a solution of potassium mono- 
sulphide is boiled with sulphur, we obtain the compounds K 2 S 3 , 
K 2 S 4 , K 2 S 5 . A mixture of these substances is also obtained by 
fusing potash with sulphur; besides these it contains the sulphate 
and the thiosulphate and is called hapar sulphuris (“ liver of sul- 
phur because of its liver-brown color. These polysulphides are 
decomposed by acids with the evolution of hydrogen sulphide and 
the separation of sulphur : 

K 2 S^ + 2HC1 = 2KC1 + H 2 S 4- (x - 1)S. 


Rubidium and Caesium. 

232 . These elements are widely distributed, but always occur in 
extremely small amounts. The silicate lepidolite, or lithia mica, fre- 
quently contains a little rubidium. The exceedingly rare mineral poilux 
from the isle of Elba is a silicate of aluminium and csesium, and contains 
about 30% caesium oxide. In general these elements are found where- 
ever potassium salts are met ■with; in mineral springs, in the Stassfurt 
salts {camalUte contains rubidium), etc. They were discovered by 
b UNSUN and Kirohhoff in 1860 with the aid of spectrum analysis 
(§264) and obtained their names from the most important lines in 
their spectra {ruhidus^daxk red; = sky-blue). 

In order to separate them from the large amount of potassium salts 
with which they generally occur, they are converted into chloride.s 
and the solution is evaporated, whereupon the dry residue is extracted 
with strong alcohol. Almost all the sodium chloride and potassium 
chloride remains behind, while the chlorides of rubidium 
dissolve. Platinum chloride is then added to precipitate 
Rh,PtCl., and Cs,Pta; the solubility of these double salts in water 
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is quite different (at 10® 100 parts HjO dissolve 0.9 parts Kj-salf, 
0.154 Rbj-salt, and 0.05 Csa-salt), so that they can be very well sepa- 
rated by fractional extraction with boiling water. The rubidium iron 
‘‘alum” Ls particularly well suited for the purification of rubidium 
salts, and especially for their separation from potassium salts, since it 
is readily soluble in hot, and only slightly soluble in cold, water and 
moreover crystallizes beautifully; potassium iron alum, on the other 
hand, is very soluble even in cold water. 

The metals rubidium and c£esium are best obtained by heating their 
hydroxides wth magnesium powder in an iron pi|)e. Rubidium 
has a silvery lustre, melts at 38.5, and has a specific gravity of 1.522 
at 15®. The metal oxidizes very rapidly in the air or in oxygen, form- 
ing dark brown crystals of the peroxide, Rb 02 . On being heated in a 
current of hydrogen it \delds the hydroxide and free oxygen: 

2Rh02 + 2 H 2 = 2RbOH + H 3 O + 0. 

The hydroxide is a very strong base; its salts show much similarity 
to the analogous potjissium compounds; they are in several instances 
less soluble, e.g. Rb-alurn, Rb-perchlorate (§ 60), etc. 

Cffisium is a silvery -white metal; sp. 1.85; m.-pt. 26.5°; b.-pt. 
270 °. It soon takes fire on exposure to the air. The salts of c»sium 
arc very similar to those of rubidium; some of them are even less soluble, 
and are therefore used for the preparation of pure caesium compound.'^. 
This is particularly true of the platinum double-salt already mentioned 
and the caesium alum and the acid tartrate, 

Rubidium bromide and iodide, and even more so the corresponding 
compounds of caesium, have the property of combining with two atoms 
of bromine and iodine, forming yellow or brown crystalline compounds, 
e.g. Csig; these metals can thus be trivalent, 

SUMMARY OF THE GROUP OF ALKALI METALS. 


233 . The gradual change of the physical properties of these 
metals with increasing atomic weight is made plain by the follow- 
ing table: 



Li 

Na 

K 

Rb 

Cs 

Atomic weight 

7.03 

23.05 

39.15 

85.5 

132.9 

Specific gravity ' 

0.59 

0.97 

0.865 

1.52 

1.8') 

Melting-point 

180.0° j 

97,6° 

62.5° 

38.5° 

26°-27° 

Boiling-point. . 

Red heat i 

742° , 

667° , 


270° 

Atomic volume 

11.8 1 

23.7 ! 

45.3 1 

56 . 7 ’ 

71.9 
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The specific gravity increases with the atomic weight, as does 
also the atomic volume; on the other hand, there is a fall in the 
melting' and boiling-points. 

From a chemical standpoint we notice, in the first place the 
.same general type in the compounds, showing that all these’ ele- 
raenta are univalent. The hydroxides all have the formula ROH 
tk halogen compounis RX, etc. The salts of them all, even 
the carbonates and phosphates, are soluble in water (although in 
different degrees), the carbonates with basic reaction. The metals 
all oxidize very readily in the air. 

On the other hand, we cannot overlook the fact that the metals 
potassium, rubidium and caesium, which are very similar to each 
other, differ from sodium and lithium in many respects. The last- 
named metal, as we shall see in the sequel, displays analogy 
with magnesium in several important points, thus differing from 
the metals of its own group. A slight divergence in the behavior 
of the first members of a group from that of the rest is found to 
characterize almost all of the groups. We may recall carbon, for 
instance, the first member of the fourth group, which differs dis- 
tinctly from silicon and the rest in the ability of its atoms to unite 
with each other; also fluorine with its soluble silver compound. 
8 till other examples of this sort will be met with later. 

Sodium differs from the sub-group, K, Rb, Cs, in the solubility 
of its salts. The* sodium salts are almost all readily soluble in 
water; this is true even of the platinum double-salt, Na 2 rtCle, the 
3cid sodium tartrate and others. Soda crystals effloresce, while 
potash deliquesces in the air. The spectra of sodium, on the one 
lianci, and the other alkali metals, on the other, are entirely dis- 
similar. 


Ammoniuin Salts. 

234 * In the description of ammonia (§111) it was already 
observed that it combines with acids directly, forming salts which 
sre very similar to those of potassium, and in which the group, 
the anmonium group, is assumed to exist. In connection 
the alkali group a description of a few ammonium salts may 
a place. 

The aqueous solution of ammonia must, because of its electrical 
•^onduotivity and its alkaline reaction, contain NH 4 and OH^ ioDB 
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and hence also undissociated molecules of ammonium hydroxide 
NH4OH. While solutions of the alkalies^ KOH, NaOH, etc' 
conduct the electric current very well, this is not the case with an 
ammonia solution; it is a poor conductor. A solution of 1 g 
NH 3 in 1 liter of water contains only one per cent of ionized NH 4 ()H 
molecules, while that of 1 g. potassium hydroxide in the same 
volume is 93% ionized. 

An aqueous solution of ammonia may be presumed to contain: 
( 1 ) free ammonia, NH 3 ; ( 2 ) hydrates of ammonia, NHg-n aq.; ( 3 ) 
ammonium hydroxide, NH4OH; (4) the ions NH^ and OH'. The 
existence of tliese hydrates in addition to free ammonia reveals 
itself in the behavior of ammonia solutions on being shaken with 
chloroform. According to Berthelot^s law (Org. Chem., § 25) 
the distribution ratio of the ammonia between the tw’o solvents 
should be constant. But this is not the case. Therefore, just 
as the deviations from Henry’s law lead us to conclude that a 
dissolved gas exists in a special condition, so we can apply a simi- 
lar explanation to the exceptions to the Berth elot law; for 
Henry’s law is really the expression of the distribution ratio of 
a gas between a liquid and a vacuum, while the other law has to 
deal with the distribution ratio between two liquids. 

Since in the case of ammonia this deviation is observed only 
when one of the two liquids is water, we are obliged to conclmie 
that there Ls a combination of the ammonia with, the water. The 
reason for assuming the existence of hydrates instead of ammo- 
nium hydroxide, NUiOH, Ls a double one. We have, on the 
one hand, the analogy between the behavior of ammonia and 
amines and, on the other, the entirely abnormal behavior of the 
organic quaternary ammonium bases. For, while the aqueous 
solutions of primary, secondary and tertiary amines are weak 
electrolytes, as is the case with ammonia, the solution of a quater- 
nary base, on the contrary, conducts electricity as w^ell as a solu- 
tion of potassium or sodium hydroxide. We may thus coiicliule 
that if ammonium hydroxide, NH4OH, could reach the same 
concentration in solution as a quaternary base it would diq)lay 
just as great a conductivity as the latter. Unlike the quaternarj' 
base, however, it breaks up principally into ammonia, NH3, and 
water, for the quaternary base cannot be thus decomposed. 

That an aqueous ammonia solution really contains at Icnst 
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an appreciable quantity of the hydroxide is evidenced by the 
existence of its ions. These necessitate the establishment of the 
equilibrium 

NH 40 H;=iNHl+ 0 H', 


however far the point of equilibrium may be displaced toward 
the right. 

The great tendency of ammonium hydroxide to break up into 
ammonia and water is the reason for the very feeble basic reac- 
tion of an aqueous solution of ammonia, for undoubtedly ammo- 
nium hydroxide, so far as it is formed, is extensively ionized, like 
the strong bases. This vw is supported by various observa- 
tions, among them the neutral reaction of the ammonium salts 
of strong acids, such a.s the chloride and the nitrate, and also 
the alkaline reaction of the carbonate and the cyanide, in har- 
mony with the similar alkaline reaction of the corresponding salts 
of the alkali metals. 

Ammonium chloride, NH 4 CI, sal ammoniac, is obtained from 
tlic ammonia liquor of the gas factories. The ammonia is expelled 
by warming and absorbed in hydrochloric acidj this solution is 
evaporated and the solid residue sublimed, whereby the salt is 
obtained in compact fibrous masses. It dissolves in 2.7 parts of 
cold, and in 1 part of boiling, water and crystallizes out of the 
solution in small, usually feather-like groups of octahedrons or 
cubes. It has a sharp saline taste. 

Ammonium chloride vaporizes easily, dissociating into ammonia 
and hydrochloric acid, as is shown by the vapor density, which at 
350° is only half as great as calculated. 


This dissociation can be easily demonstrated in the folIo^u^g manner. 
Introduce into a tube sealed at one end a little ammonium chloride and, 
not far from this, a piece of blue litmus paper. In front of the latter is 
pushed a plug of asbestos wool and finally a piece of red litmus paper. 
The chloride is then heated. Since hydrochloric acid has a smaller 
diffusion velocity than ammonia the latter passes througi ic ^^a 
fct aad colors the red paper blue; as a result an excess of 
add is left at the other end and it reddens the blue paper place le 

It is a remarkable fact, discovered by Baker, that Perfy ^ 
^nuuonium chloride (having stood for a long time m a i eacce 
over resublimed phosphorus pentoxide) has the norma ^ p 
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density. On the other hand, the same investigator found that 
similarly dried ammonia gas and hydrochloric acid gas do not 
unite to form ammonium chloride (§ 38 ). Traces of water are 
thus seen to produce a marked catalytical acceleration, both of 
the formation and of the decomposition of ammonium chloride. 
We have here an illustration of the general rule that when one 
part of the system in a reversible reaction is accelerated by a 
catalyzer the other must be likewise affected. The proof of this 
rule lies in the impossibility of the contrary being true, since that 
would necessitate a change in the equilibrium (see § 49). 

Ammonium sulphate, (NH4)2S04, crystallizes in large rhombic 
prisms and dissolves very readily in water. On boiling the aqueous 
solution some ammonia escapes, acid sulphate being formed. 

Its solution in 30 % hydrogen peroxide yields on evaporation crys- 
tals of the composition (NH^SO^-HjOj. When these are heated under 
reduced pressure a high per cent hydrogen peroxide distils off. 

Ammonium nitrate, NH4NO3, deliquesces in the air; when 
heated it breaks up into water and nitrous oxide (§ 119 ). This 
salt is known in three crystallized modifications, the transition 
points (§ 70 ) of which have been determined. 

Ammonium phosphates.— The tertiary salt, (NH4)3P04, is 
deposited in crystalline form on mixing concentrated solutions of 
phosphoric acid and ammonia. It cannot be dried, however, for 
it then loses ammonia and goes over into the secondary phosphate, 
(NH4)2HP04. On boiling the solution the salt again yields ammo* 
nia and is transformed into the primary phosphate. 

The best known of these salts is the sodium ammonium phos- 
phate, NaNH4HP04 -41120, microcosmic salt. It forms large 
transparent crystals. On being heated it melts, loses water and 
ammonia, and passes over into a vitreous substance, sodium meta- 
phosphate, NaPOs. 

Ammonium carbonate was Tonnerly obtained by the dry distil- 
lation of nitrogenous organic substances, such as hair, nails, 
leather, etc., hence the name '‘salt of hartshorn,’* which still 
clings to it. At present, however, it Is made by dry distilling a 
mixture of calcium carbonate and ammonium chloride or sulphate. 
The product is a mixture (molecule for molecule) of acid i^alt, 
NH4HCO3, and ammonium carbamate, NH2-C02'NH4 (this 
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latter being the neutral salt minus IH 2 O). From its composition, 
{NH3)3(C02)2*H20, it takes the name ammonium sesquicarbonate, 
On passing ammonia gas into a concentrated aqueous solution of it 
the neutral salt, (NH4)2C03, separates out as a crystalline powder; 
it smells strongly of ammonia and passes slowly over into the acid 
salt, NH 4 HCO 3 , a white odorless powder, which is scarcely soluble 
in water. This acid salt is also formed directly from the sesqui- 
carbonate, as the latter gives off carbon dioxide and ammonia in 
the air (hence.the odor of ammonia) and goes over into the first- 
named salt. 

Ammonium sulphide is extensively used in analysis (§ 73). A 
solution of ammonium hydrosulphidc (or sulphydrate), NH4SH, 
b obtained by saturating aqueous ammonia with hydrogen sulpliide; 
it is a colorless liquid, which soon turns yellow because of the for- 
mation of ammonium polysulphides. The oxygen of the air oxidizes 
part of the hydrogen sulphide and thus sets free sulphur, which 
combines with ammonium hydrosulphide to form polysulphidcs. 
Ihese polysulphides are also obtained by dissolving sulphur in a 
solution of ammonium hydrosulphide. 

On mixing 2 vols. NH3 gas and 1 vol. HjS gas at - 18 ° a white crystal- 
line mass is obtained, which decomposes at ordinary temperatures into 
XlhSH and NHj. The compound NH^SH separates out crystalline 
vhen hydrogen sulphide is passed into alcoholic ammonia. As low aa 
15 ° it is completely dissociated into equal volumes of NHg and HjS. 


SALT SOLUTIONS. 

235. Every solid substance is soluble in every liquid; however, 
llte proportion which dissolves can vary all the way from zero to 
iiifinity. If only an infinitesimal amount of the solid goes into 
solution, we say ordinarily that the«ubstance is “ insoluble ” in the 
^uid; there can be no doubt, however, that, if our means of inves- 
hgaiion were sufficiently improved and large enough quantities of 
•'Thd were taken, the solubility would be perceptible. This has 
^heady been demonstrated in many cases of so-called insoluble 
sub^^tances. Even when we confine our attention to aqueous 
solutions of salts (including acids and bases) we find the same 
infinite difference in solubility that is observed between sub- 
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Btances in general. Substances such as sand^ barium sulphate 
(§ 262), silver iodide, etc., are “ insoluble others like sulphuric 
acid are able to dissolve in any given amount of water. 

The solubility, i.e. the maximum relative amount of salt that 
can go into solution, is a function of the temperature and the 
pressure. In the great majority of cases the solubility increases 
with the temperature. If the temperature is plotted on the axis 
of abscissas and the amount of salt which dissolves in one hundred 
parts of water is plotted on the ordinate axis, a \ohibility cum 
is obtained (Fig. 58) which shows at a glance the variation of the 
solubility with the temperature. 

For some salts, c.g. potassium nitrate, the solubility increases 
very rapidly with the temperature; for sodium chloride it remains 
practically constant. In certain cases, such as those of calcium 
hydroxide and calcium sulphate (within certain limits of tempera- 
ture) the solubility decreases with rising temperature. 'These 
phenomena are connected, as has already been explained, with 
the heat of solution, i.e. with the caloric effect which accompanies 
the process of solution, and in the manner expressed by vax’t 
Hoff’s principle of mobile equilibrium (§ 103). In fact saltpetre, 
for instance, whose solubility increases very rapidly with the 
temperature (see Fig. 58) dissolves in water with a considerable 
absorption of heat, 

236. The term heat of solutim has various meanings. We are obliged 
to distinguish between (1) the caloric effect of dissolving a salt in a very 
large amount of water; (2) the caloric effect of dissolving a salt in an 
almost saturated solution; and (3) the total heat of solution, i.e. the 
whole caloric effect of dissolving a salt in water until the solution is 
saturated. As a rule these three magnitudes will have dissimilar 
valup, indeed their algebraic signs may be opposite. This is the case, 
for instance, with the compound CUCV2H2O; 1 g.-mol. dissolved in 
198 g.-mols. H2O at 11° gives caloric effect of +3.71 Cal.; 19.56 
g.-mols. in the same amount of water, -3.129 Cal. 

The heat of solution to which van’t Hoff’s principle applies is 
that of the salt in its saturated solution. We have here the system: 
salt + saturated solution; when the temperature changes, the equi- 
librium is displaced, i.e. salt either goes into solution or crystallizes out, 
the latter action producing just as large a thermal effect numerically 
as dissolving in the saturated solution, but with the opposite sign. 8iuce 
this was not taken into consideration when the matter was first dis- 



236.] 


SALT SOLUTIONS. 


cussed, it was beUeved that there were exceptions to the principle, but 
closer investigation has proved the contrary. 



Fig. 58.— Soltjbilitt Corves. 


In some cases the solubility of a salt at first increases gradually 
^tli rising temperature and then steadily decreases, so that the 
solubility curve has a maximum {cj. Fig. 59). In full agreement 
van’t Hoff’s principle the heat of solution is negative in 
llie jiscending portion of the curve, zero at the maximum and 
positive in the descending portion. In the case of gypsum, 
Cas 04 - 2 H 20 , for instance, the maximum was found to lie at 
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Fig. 59. 


about 38° and at that point the heat of solution was actually 
proved to be 0.00; at 14° it is —0.36; above 
35°, +0.24. 

The effect of pressure on the solubility 
is at the most very slight, but it is in entire 
accord with the principle of Le Chatelier. 
Ammonium chloride, for instance, dissolves 
with expansion; therefore its solubility lessens 
with increasing pressure (1% for an increase 
of 160 atm.). Copper sulphate, which dissolves with contraction, 
has its solubility increased 3.2% by an increase of 60 atm. pressure. 

237. It was formerly thought that the terms “ solvent ” and 
“ dissolved substance ” solute ”) should be kept distinct. How- 
ever, it has since developed that there is no essential difference 
between the components of a solution, and that aqueous solutions 
are therefore better defined as “ liquid complexes, one of whose 
components is water,” than as water in which substances are 
dissolved.” 

The interchangeability of the terms “solvent” and “solute” 
is evidenced first of all by the phenomena attending the cooling 
of salt solutions. Let us consider, for instance, a nearly saturated 
solution of potassium chloride at a definite temperature. We have 
in it two substances (KCl and H 2 O) and two phases {§ 71), hence 
two degrees of freedom. We will suppe^e that the solution is then 
cooled; potassium chloride crystallizes out forthwith and, as three 
phases are then present, the system becomes univariant We recall 
that changes in the quantity of any phase have no effect on such 


a sy.stem; therefore, if more salt is introduced into the system, 
the concentrations of saturated solution and vapor are unaffected. 
This is none the less true when water is added or the vapor 
volume increased, so long as the three phases remain. 

On cooling still farther, more potassium chloride is gradually 
deposited until a point is reached below which the entire liquid 
congeals to a mixture of salt and ice. This point is known as the 
cryohydric, or eutectic, point. There are now four phases, — -^^Jt, 
ice, solution and vapor; — hence the system has become nonvariant. 


The opinion was formerly held that at this point a chemical com- 
pound between the salt and water (a "cryohydrate ”) came into exist- 
ence. That it is only a matter of mixtures can be seen in the cast; of 
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colored salts (KjCrO,), for instance, with a microscope; moreover the 
composition t)f these so-called hydrates may differ in case the solidifi- 
cation takes place under a different pressure. 

If we start with a dilute potassium chloride solution as another 
example, and cool it, we have ice formed at a definite temperature 
and a univariant s 5 ^tGm established, ice being the third phase 
required. Below this point the solution can be regarded as saturated 
in respect to ice, just as it could be considered saturate ! i i 
respect to the salt in the previous case; for an increase of the 
solid phase ' (ice) does not now cause a displacement of the 
equilibrium (§ 71) any more than the addition of the solid (salt) 
did in the previous instance. The addition of potassiiun chloride 
causes part of the ice to go into solution (i.e. melt); for the 
dissolving of more salt increases the concentration of the solution. 
Therefore, if the temperature is kept constant, ice must melt in 
order to restore the solution to its previous concentration. It is 
therefore perfectly analogous to the addition of water to a satu- 
rated potassium chloride solution in contact with the solid salt, 
in which case also the solid phase goes into solution. If the tem- 
perature rises, more ice dissolves; if it falls, more crystallizes out — 
just as with rising temperature more potassium chloride goes into 
solution and with sinking temperature more crystallizes out. On 
farther cooling more and more ice will be deposited until, in this 
case also, the cryohydric point is reached, below which the whole 
system solidifies to a mixture of salt and ice. The analogy is 
therefore complete. 

The cryohydric point is, according to this view, the point of 
btersection of two curves, viz.: the solubility curves of salt and 
of ice in the salt solution. 

Another argument against the assumption of any essential 
difference between solvent and solute is found in the behavior of 
the solutions of certain hydrous salts, e.g. CaCl 2 -01120. A satu- 
rated solution of Caa 2 in water at 30.2° has exactly the com- 
position CaCl2-6H20. At this temperature, therefore, the hydrate 
molts to a homogeneous liquid. If either H^O or CnCU is 
Oilded, there is a deposition of CaCl 2 'dH 20 on cooling, for the addi- 
tion of either causes a depression of the point of solidification (freez- 
ing-point) of CaCla *61120. In the first case this hydrate is in 
Equilibrium with a liquid which contains more w^ater than the 
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hydrate does and which is therefore called an aqueous solution 
in the ordinary sense. In the second it is in equilibrium with a 
liquid which contains more CaCl2 than CaCl2*6H20 and must 
therefore be regarded as a solution in CaCl2. 

On examining the solubility cur\^es of various salts (c/. Fig. 5<S) 
it is found that they are in general regular; however, in one of the 
curves (sodium sulphate) a sudden change of direction is noticed. 
This if often observed with salts that contain water of crystalliza- 
tion. Taking sodium sulphate as an example, the phenomenon may 
be explained thus: It has already been remarked (§ 225) that this 
salt has a transition point at the temperature of 33°, Na2S04* IOH2O 
being transformed into Na2S04 and IOH2O. Up to 33°, therefore, 
we have the hydrous salt as the solid phase; above this temperature 
the anhydrous salt. This change must necessarily involve a sudden 
bend of the solubility curve. Below 33° the curve represents tlic 
solubility of Na2S04*10H20, above 33° that of Na2S04. VtQ 
can therefore also regard the 'point of inflection oj the curve {at 33^] 
as the point oj intersection of the curves for Na2S04,'10H'2,0 and 
Na^SO^. In sodium sulphate the special case appears where the 
solubility of the anhydrous salt decreases with rising tempera- 
ture and hence the solubility curve falls as the temperature rises 
above 33°. 

In the light of the above the solubility of a substance which 
has a transition point is the same for both modifications at this 
point. This must always be the case; it can be demonstrated in the 
same way as in § 70, where it was shown that the vapor pressures 
become equal at the transition point. Indeed the same figure can 
be employed, if it is borne in mind that the solubility of a 
metastable modification is always greater than that of the stable 
modification at one and the same temperature. Inversely, more- 
over, we have here a means of determining the transition point. 

In general, as Ostwald has pointed out, the solubility of any 
substance whatever is dependent on the condition in which it exists. 
The solid pha.se determines the equilibrium, not only in virtue of 
its chemical composition but also by the particular modification 
in which the solid substance is present. Thus, e.g., each of the 
various forms of the same polymorphous substance or different 
hydrates of the same salt has its own solubility, other things beu^g 
equal. 
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In a hydrous salt we may have the case where there are various 
hydrateS; which are connected with each other by transition points. 
A salt with m+n molecules of water of crystallization passes over 
at a definite temperature into another with m molecules, for ex- 
ample. The latter may, at a higher temperature, have a second 
transition point (to anhydrous salt). At each of these points the 
solubility curve will show a bend, because the solid phase changes; 
the curve will therefore assume some such form as that of I't. 60. 



Let us examine such a solubility curve a little more closely. 
At 0° (A in Fig. 60) we will suppose that we have pure water and 
ice, to start with, and that small portions of salt are then gradually 
dissolved. If the ice phase is to be preserved, the temperature 
must be allowed to sink, for a salt solution has a lower freezing- 
point than pure water. We therefore move along the curve AK. 
Soon a point K is reached when no more salt dissolves, since all 
tlie water has now turned to ice. Here, therefore, we have a 
mixture of ice and solid salt, or, in other words, the cryohydric 
point. 

If we wish to bring more salt into solution after K is reached 
the temperature must be raised. The ice phase then, of course, 
disappears and in its place we have the salt with w+n molecules 
of water of crystallization as solid phase. If the temperature is 
steadily raised and the solution is kept constantly saturated by 
the addition of this salt, we move along the curve KB. At B, 
however, we meet the transition point from the salt with m-\-n 
niols. H 2 O to the one with m mols. H 2 O; hence the solubility 
curve must again bend here and in such a way that at the point 
^ the solubility curve of the salt with 7n-\-n mols, H 2 O is steeper 
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than that of the salt with m mols., no matter what the form of 
the curves KB and BC may be. This is readily understood by 
a course of reasoning entirely analogous to that given for the 
transition of ice to water or of rhombic to monoclinic sulphur 
(§ 70), Finally at C we have a second transition point from salt 
with m mols. H 2 O to anhydrous salt, so that the solubility curve 
there shows one more bend. Where the curve CD ends depends 
on ci#umstances. In many cases, e.g. that of silver nitrate, it ends 
at the melting-point of the anhydrous salt (concentration of the 
solution = 100%). In other instances the anhydrous salt can form 
a second (fused) liquid layer under the saturated solution. Finally, 
mention may also be made of the case of copper sulphate, which at 
a given temperature loses its water of crystallization in contact with 
its saturated solution and from that point on shows a decrease in 
solubility with rising temperature, which finally ends in almost 
total insolubility. 

If we draw a Ime kik 2 through K parallel to the ordinate axi.s, 
the figure is divided by this line and AKBCD into the following 
regions; To the right of the solubility curve is the region of the 
unsaturated solutions, AKk 2 is that of the superfused, kiKBCD 
that of the supersaturated, solutions. To the left of ^ 1^2 only 
ice + solid salt can exist under ordinary pressures, 

A solubility curve, such as that represented in Fig. 60, can, 
on the other hand, be used to detect the existence of compounds 
between the salt and the water. From the cryohydric point 
upward every bend in the solubility curve shows that a salt with 
a different amount of water of crystallization has been formed. 
Each branch of the curve thus represents a separate salt, i.e. a 
different solid phase. The composition of these solid phases is 
by no means always self-evident. Such is, however, the case when 
the phase fuses without altering its composition, or, what amounts 
to the same thing, when it can exist in equilibrium with a liquid 
. phase of the same composition. This does not often occur with 
salts in aqueous solution, but an example of it was seen above in 
the case of CaCl2‘6H20. The inspection of the solubility cur^^e 
or melting-point curve is then especially valuable for the discover}^ 
of coippbunds. In order to understand this let us first examine 
a system of two substances, A and B, which do not combine. Fig. 
61 represents the melting-point curve that one obtains on the 
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addition of increasing amounts of B to A. At first the melting- 
point smks until the eutectic point * E is reached. Along AE A 
alone separates out of the fused mass on freezing. At E, however 
B also separates out.^ If more of B is now added the melting- 
point rises; we obtain the curve ER, which terminates in the 
melting-point of pure B. Along EB only B separates out of the 
fused mass. 



Suppose we now assume that A and B form a compound AB 
in the molecular proportions 1:1 (Fig. 62). On the addition of 
B to A AB is formed and dissolves in the excess of A, This lowers 
its melting-point. When a certain amount of B has been added 
this point is lowered to Ei. Here both A and AB separate out. 
El is the eutectic point for mixtures of A and AB. If more of 
B is added the melting-point rises, just as in the case where 
there is no combination between the components. Only AB 
now separates out of the fused mass. The continued addition 
of B, however, increases the amount of the compound AB; at 
M free A has disappeared and the mass consists wholly of pure 
AB, whose melting-point is M. At this point the melting-tem- 
perature reaches its maximum, for the addition of either A or B 
lowers the melting-point of the pure compound. The further 

* The term “eutectic point” is more general than “cryohydric polnV’ the 
latter term being usually restricted to aqueous solutions. “ Eutectic mix- 
ture” and “cryohydric mixture” (“cryohydrate”) are similarly related 
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course of the curve is readily seen. As more and more B is added 
to AB the melting-point sinks, AB alone separating out, until 
the eutectic point is reached, where both AB and B crystallize 
out, and thereafter the melting-point again rises along E 2 B till 
it finally ends in the melting-point of the pure substance B. 

If more than one compound is formed between A and B, each 
one will cause a maximum point in the curve, i.e., each maximum 
will correspond to a compound. The following examples will serve 
to make this clear: 

1. The system S03-f-H20. Here there are a number of hy- 
drates, which are indicated by the melting-point curve (Fig. 63). 



Fig. 63. 


A mixture of 62% 803 + 38% H2O has a freezing-point of —20°. 
On the addition of sulphur trioxide this point rises till at the com- 
position 8O3 + 2H2O ^ H2SO4 • H2O it reaches its first maximum. 
At this temperature (8°) the whole mass solidifies, yielding crystals 
of the above composition. The further addition of sulphur tri- 
oxide has the same effect on the melting-point of the hydrate 
H2S04*H20 as the ordinary addition of a foreign substance to 
a pure substance, At first the melting-point falls; that which 
crystallizes out is the hydrate H2804-H20. At a composition 
of about 3H2O+2SO3 a eutectic point is reached (§ 237). The 
mass solidifies at -35° to a mixture of H2S04-H20 and H2SO4. 
Continued addition of sulphur trioxide causes a rise of the melting- 
point till at +10® a second maximum is reached, where the whole 
sohdifies to a homogeneous mass, consisting of pure sulphuric 
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a«d, ^S04. Along this ascending branch ot the curve HogO. 
crystaUues out. The melting-point curve then proceeds to a 
third maximum point, corresponding to the hydrate H^SO.+SO, 
=H2S207 (pyrosulphuric acid), and comes to an end in the meltiiiE 
point of the asbestine form of sulphur trioxide at +40“ 

2. In non-aqueous liquids the relations are almost exactly 
the same, as may be seen from a consideration of the system 
S+Cl. It was remarked in § 75 that, while the compound gCL 
could not be isolated, the form of the melting-point curve left no 



Fig. 64. 

doubt as to the existence .of such a compound. This curve nas 
a maximum at the point C2 (Fig. 04), corresponding to 20 atomic 
por cent, sulphur, or to the molecular formula SCI4, The points 
Eu E 2 , are the eutectic points for S4-S2CI2, S2CI2+SCI4 and 
8CI4+Q2, respectively, while the maximum Ci corresponds to 
the compound S2CI2. 

Supersaturated solutions.~A sodium sulphate solution satu- 
rated a little below 33° can, if carefully guarded from contact with 
of the solid salt, be cooled dowm to room temperature without 
scything crystallizing out, but contact ijvith the tmiest crystal 
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fragment of Na2S04* IOH2O is sufficient to cause a sudden crystal, 
zation of this salt. 

' Sodium sulphate is only one of a large number of salts capable 
of forming solutions of this nature. Sodium thiosulphate and many 
of the nitrates are other good examples. Such solutions are 
called supersaturated. They are perfectly stable; neither rubbing 
with a glass rod nor shaking (which treatment ordinarily tends 
to induce crystallization) causes the formation of crystals, provided 
no trace of the solid salt comes in contact with the solution. Such 
a system, which is umtoble under only one condition, is called a 
metastable system. 

Tf a supersaturated solution of sodium sulphate is cooled down 
below room temperature, another hydrate ciystallizes out, viz., 
Na2S04 • 7H2O ; the resulting system is still metastable, however, 
for contact with the slightest trace of Na2S04 -101120 suffices to 
convert it > entirely into the stable system, with the deposition of 
Ka2S04 • IOH2O. 


The smallest amount of salt (crystal nucleus) that is sufficient to 
disturb and thus cause the disappearance of a metastabie system, suck 
as is represented by a supersaturated solution, is a quantity of about 
the order 10^*^ g., according to Ostwald. The extreme minuteness 
of this amount explains why a spontaneous disappearance of the meta- 
stable condition was formerly regarded as possible. Inasmuch as very 
small bits of crystals are always floating in the air (especially in labora- 
tories), it is usually only necessary to open a bottle containing a suiter- 
saturated solution or to rub the sides with a glass rod (which always 
has crystal fragments on its surface), in order to excite crystallization 
into the stable system. 


238. For the reasons stated in §§ 65 and 66 it is assumed that 
acids, bases and salts in aqueous solution are split up into ions. 
This dissociation can be more or less complete, according to the 
nature of the solute, the temperature of the solution and its con- 
centration. Examples of this have already been mentioned here 
and there in the text; hydrochloric and nitric acids in tenth-normal 
solutions are almost completely dissociated, carbonic and silicic 
acids scarcely at all. Among the bases the hydroxides of pot^^s- 
sium, sodium and the alkaline earth metals are almost completely 
dissociated at this dilution. A similar difference is shown by 
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salts; those ot the alkalies are practically completely ionized, while 
mercunc chlonde js very slightly so. We shaU return to tMs sul> 
ject more m detail in the discussion of the metals. 

I containing equivalent amounts of different 

elcctrol^B differ ^eatly m conductivity and hence in degree of ionization 

's etr 



Four glass cylinders (3 cm. diam.) are fitted each vnth. two horizontal 
platinum disks (copper can be used but is less satisfactory) to serve as 
electrodes, the upper ones being movable. Each lower electrode is 
connected with an incandescent lamp and the apparatus as a whole 
with the terminals of a (preferably) alternating 110-volt circuit. After 
placing in each of the tubes 120 cc. distilled water they are filled 
W ith 5 cc. of half-equivalcnt-normal hydrochloric, sulphuric, monochlo- 
racetic and acetic acids respectively. On making the distance between 
tlie electrodes alike in all the cylinders, the lamp beneath the hydro- 
cliloric acid is found to glow brightest, since the resistance of this solu- 
hon is the least. The* other lamps follow in brightness in the order 
above. The electrodes are next adjusted so that all the lamps 
equally bright, when it is seen that while the electrodes in the hydro- 
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chloric acid are farthest apart, those in the acetic acid are almost in 
contact. 

In order to show that the alkali salts of these acids, unlike the acids 
themselves, have nearly the same conductivities and degrees of disso- 
ciation the solutions arc just neutralized mih. potassium hydroxide 
and the lamp test repeated. The lamps are equally brilliant when 
the electrodes are at approximately the same height. 

239. In the solution of an extensively ionized salt we should 
expect to find the properties of the cation and the anion. It must 
exhibit the sum of the properties of the two ions, or, to use other 
words, its properties must be additive with reference to those of 
both ions. Tliis is actually the case, both physically and chemically. 
As for the chemical properties, wc observe that solutions of different 
salts of the same metal all give the same reactions; from the solutions 
of all lead salts, for instance, hydrogen sulphide precipitates black 
lead sulphide, sulphuric acid white lead sulphate, etc. Similarly 
the solutions of salts of the same acid are all characterized by the 
same reactions; sulphates, for example, by the precipitate they give 
with barium chloride solution. All this appears very strange 
when we recall that the solid salts are markedly different from 
each other in their properties, but we are forced to just such a con- 
clusion when we assume that the salts are ionized in solution. 

Among the physical properties additivity is very apparent in 
the color of salts of colored acids and bases. Ostwald found that 
all permanganates with a colorless base, when prepared in equiva- 
lent solutions, give exactly the same absorption spectrum (§ 263). 
All dilute copper solutions are blue. In the permanganates it is 
the anion iInO/, in the copper solutions the cation Cu”, whi(‘h 
is to be regarded as the color-carrier. 

When the solvent is one in which ionization does not occur, the 
salts of the same base may differ widely in color. For instance, a solu- 
tion of cobalt nitrate in alcohol is purple, that of the chloride is bluish 
violet; but if both are poured into an excess of water, the solution 
becomes pink in each case. Another example is found in the alcoholic 
solutions of cupric chloride and nitrate; the former is dark green, the 
latter blue; on the addition of water both become blue. 

This additive nature manifests itself in various other physical 
properties also. But since it cannot usually be shown directly 
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(as in the case of colored salts), we have to approach the matter 
somewhat indirectly, as the following example will illustrate. 
The specific gravity of a sugar solution can be represented fairly 
accurately by the formula 

n being the number of moles per liter and K a constant. Similarly 
in the case of the solution of a highly ionized salt whose siuK-ific 
gravity is raised to 1+an by the anion, to by the cation 
a and P being constants, the specific gravity of the solution, if 
we assume additivity to exist, must be 

S^\+n{a+^). 

The values <of a and ^ are as yet unknown. For salts with the 
same anion the specific gravity is expressed by 

= 1 + w(a: j >S2= 1 1 >-*^3= Id* -j-^ 9 ;^), etc. 

For salts Avith the same anions as in the former case but with a 
different cation the specific gravities of their solutions are repre- 
sented thus: 

+n(ai+/?i); >S 2 '=l+^^(«l+/? 2 ); S-i=l + 7i{ai+i3<i), etc., 

whence it follows that the differences Si~Si, *^2— >^2'’, >^3— 
-«(a:-n'i), must ahvays have the same value in case additivity 
really exists. The equality of these differences can therefore be 
ri?ed as a proof of additivity. 

A concrete example of the above reasoning is to be found in 
the specific gravity values of the solutions KCl, NaCl, NH4CI and 
KBr, NaBr, NH4Br. Here we actually have the relationship: 

KCl-KBr=NaCl-NaBr=NH4Cl-NH4Br; 

liOAvever, not simply in specific graAnty but with reference to other 
physical constants as well Compressibility, capillarity and re- 
fractive index, for example, have been found to conform to this 
additive scheme. 

The ionization hypothesis also leads us to predict that when 
^lute solutions of strong acids and bases, each containing one 
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mole are mixed, the same caloric effect will be observed. 11113 
is fomd to be the case ( 13.8 cal). The only change that takes 
place in the l i ving is the formation of water from its 10ns {§ (ifi), 
Further, the so-called law of thermo-neutrality, which says that 
when two dilute salt solutions are mixed there is no caloric effect, 
is a natural consequence; for the ions of the two salts exist in 
the free state both before and after the mixing. 

acidimetry and alkalimetry, theory op 

INDICATORS. 

240. The amount of acki or base present in a liquid can 1 * 
determined most simply by volumetric analysis (§ 93 ). Those parts 
of volumetric analysis which comprise the methods used for this 
purpose are known as acidimetry and alkalimetry. ^ Suppose that 
we wish to determine the amount of hydrochloric acid present in a 
given volume of liquid. A known volume of this liquid (50 cc., 
10 cc., or less, according to the supposed concentration) is meas- 
ured out and sodium hydroxide solution of known concentration is 
slowly added from a burette. When tlie point has been found at 
which the liquid becomes neutral, it is easy to calculate the con- 
centration of the acid from the number of cubic centimeters of 
sodium hydroxide consumed. 

Example. Determine the amount of nitric acid present in a lifer of a 
solution of this acid if 10 cc. are neutralized by 7.3 cc. of a normal alk» 1 
solution. These 7.3 cc. are equivalent to the same number of cubic; cei^ 
timeters of normal nitric acid. Therefore the 10 cc. contain 7.3 milli- 
gram molecules of nitric acid or 03X7.3 mg. One liter must contain 
a liuiidred times as much, or 45.99 g. 

Before we can determine the concentration of an acid or an 
alkali in this manner, we must first possess an alkali or base solu- 
tion of knowm concentration and further have a delicate means o 
detecting when the liquid is exactly neutralized. 

1 . Preparation of an add and an alkali of known conccniraltOTf^ 
This can be done in various ways. Oxalic acid, C 2 H 204 * 2 Hi i 
succinic acid, C4H6O4, or tartaric acid, C4H6O6, can be used as the 
basis, for all of these are crystallized solids and can be easily obtani^ 
in a state of sufficient purity; hence the amount of acid dissolved 
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can be very accurately determined by previously weighing the 
substance on an analytical balance. We thus weigh out 1 g. -equiv- 
alent (J g.-mol.) of one of these acids, dissolve it in water and 
(lilnte to exactly a liter. Thereupon with the help of this normal 
acid a normal alkali is prepared; a little more than 1 or ^ or 
etc., gram-equivalent of sodium hydroxide or potassium hydroxide 
(barium hydroxide is also very satisfactorjO is dissolved in water 
and this solution is standardized according to the normal acid, i.e. 
the concentration is determined by titration with normal acid and 
then diluted so that it is just normal. 

Sodium carbonate can also be use^as a basis. After being first 
heated in order to expel all moisture it is weighed out and dissolved in 
water. This solution is heated to boiling and covered with a glass 
plate with a hole in it, through which the nozzle of a burette is passed. 
The solution of the acid whose concentration is to be determined is 
then allowed to flow from the burette into the boiling liquid till neu- 
tralization is effected. Carbon dioxide escapes, but the glass plate 
prevents any loss of the liquid by spurting. 

The standardizing can also be accomplished by adding the acid 
solution that is to be standardized to a mixed solution of potassium 
iodide and potassium iodate. Hydriodic and iodic acids are set free 
and they react at once in the following manner : 

5KI +KIO3 +6HX =5HI +HIO3 +6KX; 5HI I-HIO3 =3H20 +61. 

Thus for every equivalent of acid one atom of iodine is set free. By 
titrating with sodium tliiosulphate the amount of iodine liberated can 
be (|5 ter mined. This method gives very accurate results, 

2. Determination of the point at which the liquid becomes neutral. 
Since the point of neutralization of an acid by a base or vice versa, 
is not indicated by any visible phenomena, a minute quantity of 
Some substance is added whose color is altered by an excess of the 
neutralizing liquid. Such substances are (blue in alkaline 

and red in acid solutions), phenolpMhddn (red in alkaline, ^ color- 
bs in acid solutions), methyl orange (yellow in alkaline, red in acid 
solutions), and many others. Therefore, on gradually adding an 

solution to an solution in the presence ot one of 
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these substances a change oj color will be noticed when the point of 
neutralitv is just passed. Coloring-matters hke the above are 
termed indicators. The change of color is due m many cases to a 
transformation of the substance into a salt whose free acid is very 
unst-able and passes over almost immediately into an isomer hav. 

ini' a different color from the free acid or the salt. 

% 4 i. From the standpoint of the ionic theory the following 
theory of indicators has been advanced: If a couple of drops of 
the indicator are introduced into an acid solution, the ionisation 
of the indicator, which is only very slight, is reduced by the great 
excess of acid to practically iiero. If a base is then added, tl.e 
H-ions of the acid to be tifcated arc removed by the OH-ions. 
However, if the add is very strong, enough H-io^ remain m the 
linuid up to the last to prevent anytliing like an extensive ioniza- 
tion of the coloring-substance; not until the first excessive drop of 
alkali is added do the anions of the coloring-substance come into 
existence, the alkali compound of the latter being strongly dKO- 
ciatcd. The change oj color is iherelorc sharply defined, for it is 
due to this difference in color of the non-ionizcd molecule and the 
anion. On the other hand, if the acid is a weak one, there will not 
be enough H-ions present when the end of the titration is nearly 
reached to prevent a sliglit ionization of the coloring-substance 
As a result we shall have in the solution not only the undi&sociated 
coloring-substance but its anions as well, even before the titration 
is completed,— in other words, the change of color becomes vm 
gradual and hence the end reaction more indefinite. The effer 
will be the same if the alkali employed contains carbonate. 
that case near the end of the titration the solution will only contain 
carbonic acid, which is very weak; consequently the color change 
will not be sudden. It is for this reason that in titrating soda solu- 
tions (see § 240) the carbonic acid must be expelled by boiling. 

If a weak acid is to be titrated, it is necessary, according to the 
above, to select an indicator which is much less ionized even than 
the acid itself and whose alkali salts are sufficiently ionizetl ^ 
produce a distinct change of color. A very suitable one for t ns 
purpose is phenolphthalein. Acetic acid, for example, can be sa 
isfactorily titrated with it, if a strong base is employed, for 
reasons set forth above. On the other hand, in case a weak 
is to be titrated, phenolphthalein is not so satisfactory. Amnnana 
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does not color a phenolphthalein solution till a considerable excess 
iri added, because at the great dilution in which the ammonium- 
phenolphthalein compound exists in a titration it is almost com- 
pletely split up by hydrolysis (§ 66). 

If a weak base is to be titrated, an indicator must be selected 
which is a relatively strong acid, for then the salt of the coloring- 
substance will be hydrolyzed only to a linuted extent, even near 
the termination of the titration (i.c. when the concentration of 
the base has become weak), and the color of its ions will therefore 
still predominate. For such a titration a strong acid (e.g. hydro- 
chloric or sulphuric acid) must be used, in order that the first drop 
after the point of neutralization is Cached may diminish the elec- 
trolytic dissociation of the coloring-substance and so give the solu- 
tion the color of the nondonized molecules. Methyl erran^e is an 
indicator that answers these reejuirements; it serves very well in 
the titration of ammonia. All other indicators are intermediate to 
these two extreines (phenolphthalein and methyl orange) as re- 
gards their ionization, and their applicability is determined accord- 
ingly. 


COPPER. 

242. This metal occurs miive in America, China and Japan, 
forming regular crj'stals. Other copper minerals are cwpriie 
malachite and azurite (both basic carbonates), chalcociie 
(CU2S) and particularly chalcojyyrite, or copper pyrites (CuFeS2). 
The United States furnishes about 60% of the world's copper 
supply. 

The e X t r a c t i 0 n of the metal from non-sulphurous ores is 
very simple. They are smelted with coal and thus reduced to the 
metallic state. If the copper ore contains sulphur, the metal- 
lurgical process is much more complicated and has numerous modi- 
fications. The ore is broken up and “ calcined ” so as to convert 
some of the copper sulphide into copper oxide. Thereupon it is 
fused with sand and other siliceous fluxes (as well as coal for 
reducing copper sulphate), and the iron, but not the copper, is 
converted into silicate. The object of the flux, here as with other 
metals, is to lower the fusing temperature of the ore and collect the 
impurities (iron in this case) into a “slag” consisting of fused 
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silicates, etc. The slag floats and can be run off. The fusion 
process is repeated until all the iron is eliminated. The resulting 
mixture of impure copper sulphide and copper oxide is called rmik 
(also regvlus and coane metal). By repeated roasting and fusing, 
crude metallic copper is obtained: 

2Cu20+Cu2S=6Cu+S02. 

Finally it is fused with coal to reduce any copper oxide remaining. 

Refining. The copper thus obtained often contains small quantities 
of other metals. Since these impurities lower its conductivity, a better 
grade is demanded for electrical purposes. Crude copper is now refined 
by an eleclrolylic process wliich yields chemically pure copper. IF an 
impure copper solution is electrolyzed, it is possible uifllr suitable con- 
ditions to precipitate pure copper in a compact mass, while the impuri- 
ties remain in solution or are deposited as powder. From this powder 
("slimes ”) a considerable amount of gold and silver is obtained. 

The usual arrangement is to suspend plates (“anodes") of crude 
copper and thin sheets of pure copper alternately in a copper vitriol 
solution acidified with sulphuric acid. If the crude plates are then 
connected with the positive pole and the thin sheets with the negative 
pole of the dynamo current, pure copper is deposited on the sheets, 
while an equivalent amount of the crude copper dissolves to take its 
place. 

Physical Properties. Copper has a bright red color. It is 
rather hard but very extensible and flexible; it can be drawn out 
into very fine wire and beaten into extremely thin sheets (imitation 
gold-leaf), which are green in transmitted light. Sp. g. -8.94; 
melting-point = 1045°. 

Chemical Properties. In dry air copper is permanent at ordi- 
nary temperatures, but in moist air it becomes covered wil^i a thin 
coating of basic copper carbonate, which protects it from further 
rusting. On bemg heated in the air it turns to copper oxide, CuO. 
It is readily attacked by nitric acid (§ 120), but not by dilute hydro- 
chloric acid; Sulphuric acid has no effect on it at ordinary tem- 
peratures, but at higher temperatures a reaction takes place in 
which sulphur dioxide is given off (§ 78). Ammonia and oxygen 
dissolve it to form a blue liquid, copper oxide ammonia. CopiJcr 
Ls deposited from solutions of its salts by iron, magnesium and 
other metals. 



243.] 


COMPOUNDS OF COPPER, 


349 


Uses and alloys. Copper finds extensive use in the arts, both 
as such and in alloys. The well-known yellow b r a s s is an alloy 
of 1 part zinc and 2 parts copper and is' harder than copper itself. 
German silver consists of about 50% Cu, 25% Ni, and 
25% Zn; its electrical conductivity is affected very little by changes 
of temperature, which makes it valuable for resistance coils, etc. 
For b r 0 n z e s see § 199. 

Copper is employed in large quantities inelectrotyping. 
A cast is first constructed of plaster of Paris and made a conductor 
by being coated with graphite, whereupon it is suspended by the 
wire of a battery into a copper sulphate solution; a plate of pure 
copper serves as the anode. If the potential difference at the 
electrodes is properly regulated, the copper Ls deposited on the 
plaster cast in compact form, so that ail the details of the original 
are reproduced with the greatest fidelity. 

Compounds of Copper, 

243 . Copper forms two sets of salts, which are’derived from the 
oxides CU 2 O, cuprous oxide, and CuO, cupric oxide. 

CUPROUS COMPOUNDS. 

Cuprous oxide, CU 2 O, can be obtained from cupric salts in 
various ways, e.g. by reducing them in alkaline solution with grape 
sugar, hydroxylamine, arsenious acid, or the like. It forms a 
reddish-yellow crystalline powder, which is unaffected by the air 
at ordinary temperatures. It dissolves in ammonia; this solution 
rapidly turns blue because of the absorption of oxygen, the cuprous 
oxide going over into cupric oxide. Cuprous oxide is transformed 
by sulj^uric acid into copper sulphate and copper: 

CU 2 O +H2S04=CuS04 +Cu +H 2 O. 

It is possible that cuprous sulphate is first formed and that the 
cuprous ions of this solution are forthwith changed into cupric 
ions and non-ionized copper, 2 Cu*=Cu’*-f-Cu. 

Of the cuprous salts only those of the halogens are kno^^^l. 
Cu2a2, CugBrg afid CU 2 I 2 are all “insoluble” (c/. § 235); their solu- 
bility decreases with increasing atomic weight of the halogen. 
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Cuprous chloride, CU 2 CI 2 (the * vapor density indicates this 
doubled formula), separates out when a solution of cupric chloride 
is boiled with copper, or when a mixed solution of copper sulphate 
and sodium chloride is saturated with sulphur dioxide gas and the 
resulting liquid poured into w'ater. It is a white crystalline sub- 
stance, which must be kept under water, for it absorbs oxygen 
rapidly when moist and turns green because of the formation of 
basic copper chloride, CuCl-OH. It melts at 430*^ and distils at 
about 1000°. It is soluble in concentrated hydrochloric acid^and 
in ammonia. These solutions are at first colorless bub very soon 
become blue because of the absorption of oxygen (formation of 
cupric compounds). They also have the power of absorbing car- 
bon monoxide, forming an unstable compound, Cu 2 Cl 2 * CO -21120, 
wliich crystallizes in colorless lamirue. Use is made of this prop- 
erty in gas analysis. 

Cuprous iodide, CU 2 I 2 , is formed when a solution of copper 
sulphate is treated with potassium iodide, half of the iodine being 
hberated; 

2CuS04-f 4KI =2K2S04 +CU 2 I 2 +I 2 . 

It may be supposed that cupric iodide is first formed and that 
it then breaks up into cuprous iodide and iodine, or, rather, that the 
ions of cupric iodide interact thus: 

Cu“-f2I'«CuI+I, 

the cuprous iodide being unionized because “insoluble.” 

According to Ostwald, however, an equilibrium is formed here, 
for, though the cuprous iodide is but slightly soluble, the reaction does 
not complete itself and some cupric ions still remain in solution. The 
reversibility of this reaction is evident from the fact that cuprous iodide 
is dissolved by an alcoholic iodine solution, so that we have 

Cu'*+2r^=iCuI+I. 

Therefore, in order to make the precipitation more complete, a sub* 
stance (SOj) is added, which will remove the iodine, one of the reaction 
products. This treatment is especially effective because the iodine is 
thereby converted into ions and this raises the concentration of one 
of the components on the left side of the equilibrium equation. 
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Cuprous cyanide, Cu 2 (CN) 2 , can be obtained in a manner analo- 
gous to that described for cuprous iodide, viz., by mixing solutions 
of copper sulphate and potassium cyanide. Half of the cyanogen 
escapes as gas: 

2 C 11 SO 4 +4KCN=2K2S04+Cu2(CN)2 + (CN) 2 . 

Cuprous cyanide dissolves very rapidly in an excess of potas^ 
sium cyanide, forming a salt, 2 KCN.Cu 3 (CN) 2 , ^4iich contains a 
complex anion [Cu 2 (CN) 4 y^ Practically all of the copper ions go 
to form these complex ions on the addition of potassium cyanide, 
for the solution gives none of the ordinary reactions for copper^ 
not even that with hydrogen sulphide, although copper sulphide 
is precipitated by this reagent even when the concentration of the 
copper ions is very slight (§ 73). 

CUPRIC COMPOUNDS. 

244* Cupric oxide, CuO, is a dense, black powder, obtained by 
heating copper in the presence of oxygen at a high temperature. It 
can also be prepared by heating the nitrate to redness or igniting 
the hydroxide or the carbonate. Wlien finely divided it occludes 
on its surface large amounts of steam. It finds extensive use in 
organic analysis. 

Cupric hydroxide, Cu0-nH20, separates out as a flocculent, 
voluminous blue precipitate (hydrogel, § 195) when the solution 
of a copper salt is treated with caustic potash or soda. On boiling 
the liquid it turns black, water being liberated and cuprk oxide 
formed. 

Cupric chloride, CUCI 2 -21120, is obtained by dissolving cupric 
oxide or carbonate in hydrochloric acid. It crystallizes in blue 
rhombic needles, which, however, often appear green because of 
mother-liquor adhering to them. It is readily soluble in water 
and alcohol. The anhydrous salt is yellow; the concentrated 
aqueous solution is green; the dilute solution is blue. This differ- 
ence can be attributed to the breaking up of the salt into its ions, 
for all dilute copper solutions are blue, no matter what the acid 
radical is. It therefore follows that the copper ion imparts a blue 
color to solutions. In a concentrated solution of cupric chloride 
the yellow color of the undissociated molecules forms with the blu6 
of the copper ions a green color. 
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The following phenomenon is rather peculiar. If water is added to a 
solution of cupric chloride till it is just blue and the liquid is then warmed, 
the color changes to green. According to the above explanation of the 
change of color the electrolytic dissociation must diminish on warming, 
wherefore, in accordance with the principle of mobile equilibrium (§ 235), 
the heat of ionization must be positive, or, in other words, heat must be 
evolved when the salt splits up into its ions. Experiments by Arrhenius 
have sho^vn this to be true for certain salts, e.g. copper sulphate, so that it 
may also be assumed here. 

On mixing a copper sulphate solution with a concentrated 
sodium chloride solution the color turns green because of the 
formation of CUCI 2 molecules. We should therefore expect this 
same result when an excess of chlorine ions is introduced into 
any copper solution, and experience has shown this to be the case. 

Cupric bromide is analogous to the chloride; cupric iodide is 
unstable, decomposing at once into iodine and cuprous iodide 
(§243). 

Copper sulphate, CUSO 4 • SH^O, blue vitriol, is the most familiar 
salt of copper. It is obtained as a by-product, chiefly from gold 
and silver refineries, and is also manufactured by dissolving 
copper in sulphuric acid. It crystallizes in large blue triclinic 
crj'stals, which lose four molecules of water at lOO'^; the fifth 
is liberated at 200 °, The anhydrous copper sulphate is a white 
powder, which absorbs water greedily, turning blue again. At 
20 ° 100 parts H 2 O dissolve 42.31 parts of the crystallized sulphate. 
Blue vitriol is employed in large quantities in electroplating, etc. 
(§ 242). 

Copper nitrate, Cu(N 03 ) 2 , can crystallize with three or six 
molecules of w^ater and is dark blue. 

Copper carbonate. The normal salt is unknown, but basic salts 
have been prepared. 

Copper arsenite, CuHAsOs, is used as a pigment under the 
name of Schecys green. Schweinjurth grem, or Paris green, is a 
double compound of copper arsenite and copper acetate. Since 
both are very poisonous, their use in dyeing textile fabrics, wall- 
paper, etc. (§ 157) is being restricted. 

Copper sulphide, CuS, is formed as a black precipitate by pass- 
ing hydrogen sulphide into a copper solution. When moist it 
oxidizes slowly in the air to copper sulphate. On being heated 
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in a current of hydrogen it yields cuprous sulphide, CU2S, and 
hydrogen sulphide. 

Copper salts arid ammonia. On mixing a solution of ammonia 
with a copper salt, a precipitate of copper hydroxide is first formed, 
if not too much ammonia is used; this precipitate is dissolved by 
an excess of ammonia to a dark blue solution. If the latter is 
evaporated or treated with alcohol, ammoniacal compounds crys- 
tallize out; a t3^ical one is CuS04'4NH3-H20, which is trans- 
formed into CuS 04-2NH3 on being heated to 150®. The aqueous 
solutions of these substances are to be assumed to contain complex 
ions of copper and ammonia, since they do not give some of the 
ordinary copper reactions, e.g. precipitation with caustic potash. 
The fact that certain other reactions of copper do however appear, 
e.g. precipitation with hydrogen s\ilpliide, proves that free copper 
ions are still present in the liquid, although only to a smah extent. 


SILVER. 

245. This metal occurs native; nuggets weighing 100 kilos are 
not unknown. The important silver ores are argentite, AgsS, 
stromey&rite, Cu2S-Ag2S, pyrargyrite, 3Ag2S-Sb2S3, and sieyhanile, 
AggSiSb. It is also found in smaller amounts in cerargynie, or 
ham Oliver, AgCl. Traces of silver compounds are known to exist 
in sea-water. Many lead ores, e.g. galenite, contain a small per- 
centage of silver and in some cases it is extracted. ^ 

The chief silver-producing countries are the United btates 
(Colorado and neighboring States), Mexico, Australia 
The present annual world’s production of silver is about 54,000,000 
fine ounces (1,680,000 kg.). 

The mdallurgy of silver is rather complicated; several processes 

are employed. . , , , , . 

(1) The sulphurous ores are roasted m the air, where ly 
sulphate, AgzSOi, is formed. This is extracted with water and 
the silver precipitated from the solution by iron. 

(2) The ores containing free silver are roasted with common 
salt thus yielding silver chloride. The latter 

into solution by means of sodium thiosulphate 

phide is added to precipitate the sulphide of sdver. Tte ’ then 

converted into the metal by heating at a high temperature. 
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(3) Amalgamation Process. In Mexico, where there 
is lack of fuel, the ores, finely powdered, are stirred into water and 
treated with sodium chloride; this mud is intimately mixed by 
spreading it out on a floor {Palui) and driving mules through it. 
Thereupon some mercury is added, as well as a mixture of ferric 
and cupric salts, and the whole is worked over thoroughly for 
several days. The liberated silver forms an amalgam with the 
mercury and can be obtained by distilling off the mercury. In 
the above process the following reactions probably take place: 

2CuCl2 + Ag2S = CU 2 CI 2 + 2AgCl + S. 

The cuprous chloride, CU 2 CI 2 , dissolves in the brine and reacts 
with another portion of silver sulphide: 

CU 2 CI 2 "f Ag2S = CU 2 S "b 2 AgCl. 

The silver chloride dissolves in the brine and the silver is precipi- 
tated from solution by mercury, which goes over into calomel. 

(4) Lead ores usually contain some silver. In the smelting of 
lead the silver all goes into the lead and is recovered from it in the 
following way: The argentiferous lead is fused and then cooled 
slowly till it begins to congeal. Just as pure ice crystallizes out of 
a dilute salt solution on cooling, so the lead separates out here 
in crystals free from silver. These are removed and this process- 
called PatiinBonizing after its inventor — is kept up till the percent- 
age of silver reaches about 1%. This rich lead is then subjected 
to the c u p e 1 1 a t i 0 n process, i.e. the lead is fused in a rever- 
beratory furnace, whose hearth consists of a porous mass (cupel, 
or test). The lead is oxidized to the easily fusible oxide PbO 
(litharge) which is partly driven off by a blast from time to time 
through the channel provided for its escape, and partly absorbed 
by the porous material (bone-ash, or clay and limestone) of the 
cupel. Towards the end of the process the film of litharge remain- 
ing becomes so thin that the silver beneath reflects the light, pro- 
ducing a beautiful iridescence. Here and there the film breaks, 
disclosing the brilliant surface of the metal (“ brightening '' of the 
silver). The silver is finally left in the metallic state. 

Another method (Parkbs’) is based on the facts that silver 
dissolves very readily in molten zinc and zinc only slightly in 
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molten lead. The fused lead can therefore be extracted with fused 
zinc (c/. Org. Chem., §24). The process is as follows: To the 
fused argentiferous lead some zinc (containing 0.5% Al) is added 
and the mixture is stirred. The zinc takes up most of the silver 
from the lead and floats on the molten mass. It is skimmed off 
and cast into plates, which serve as the anodes in the subsequent 
electrolysis. At the cathode nearly pure zinc is deposited, while 
silver powder (70-80% Ag, the rest Pb) smks to the bottom and is 
removed to the cupel. 

The electrolytic r e f i n i n g of silver is now carried on exten- 
sively in America. A great deal is recovered from the copper 
slimes (§ 242). 

The pure silver of commerce usually contains a little copper 
and other metals; Stas obtained it chemically pure by dissolving 
the product of the smelter in nitric acid and precipitating it with 
hydrochloric acid as the chloride; this was then reduced by boiling 
with dilute caustic potash and milk sugar and finally distilled with 
the aid of an oxyhydrogen flame in an apparatus made of lime. 

Physical PropeHies. Silver crj^stallizes in regular octahe- 
drons. It has a white color and a high lustre. It is the best 
conductor of heat and electricity of all the metals and it is very 
malleable and ductile. Sp. g.=10.5; m.-pt.=954". At an ele- 
vated temperature it volatilizes in the form of a blue vapor (Stas). 
Molten silver absorbs oxygen, but allows it to escape on becoming 

solid (§9). . 

Chemical Properties. Silver is one of the p r e c i o u s metals; 
this term is applied chemically to those metals which do not com- 
bine with oxygen directly (under ordinary pressure) either at 
ordinary or higher temperatures. If, however, the pressure is 
raised, silver combines with oxygen directly at an elevated tem- 
perature: 

2Ag-l-0?=^Ag20. 


Nitric acid attacks it readily at ordinary temperatures, sulplmric 
acid only at higher temperatures; hydrochloric acid has very httle 

effect on it. , - 

Uses; alloys. Pure silver is seldom made use of practical y, 

but its alloys are employed in the manufacture of sJ^emare ^d 
coins. For these purposes an alloy with copper is used. Silver 
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plate and jewelry usually contain 75 or more per cent of silver; the 
silver coins of the United States and continental countries consist 
of 90% silver and 10% copper; the English shillings^ ("sterling’^ 
silver) contain 92.5% silver. The admixture of copper makes the 
metal harder. 

Considerable silver is consumed in silvering objects of copper 
or other metals (silver-plating). At present this is usually 
done by electrolysis (§ 242). The object to be plated is made the 
cathode and a silver plate the anode; the bath consists of silver 
cyanide dissolved in an excess of potassium cyanide. 

Compounds of Silver, 

246. The known oxides. are: Ag 40 , silver suboxide (very un- 
stable) ; Ag 20 , silver oxide, from which the salts of silver can be 
derived; and AgO, silver 'peroxide (formed from silver and ozone). 

Silver oxide, AgaO, is deposited as a dark brown amorphous 
precipitate when the solution of a silver salt is treated with caustic 
soda or baryta-water free from carbonic acid. It is somewhat sol- 
uble in water (2.16X10“^ mole per liter at 25®) ; the solution prob- 
ably contains the silver hydroxide, for it reacts alkaline and must 
therefore contain hydroxyl ions. In its saturated aqueous solu- 
tion 70% of the molecules are found to be ionized. Silver hydrox- 
ide is thus not so strong a base as the alkalies, but considerably 
stronger than ammonia. Moist silver oxide (AgOH) absorbs car- 
bon dioxide from the air and the silver salts react neutral, while the 
salts of most of the other heavy metals give an acid reaction be- 
cause of a slight hydrolytic dissociation in aqueous solution, by 
heating to 250® silver oxide is broken up into its elements. It is 
reduced by hydrogen at as low a temperature at 100®. Ammonia 
water dissolves it readily because of the formation of a complex 
ion, Ag(NH 3 ) 2 ‘. 

Silver chloride, AgCl, is obtained by precipitating a silver solu- 
tion with hydrochloric acid or a soluble chloride like sodium clilo- 
ride; it forms a characteristic “curdy” precipitate. It is ahnost 
insoluble in water, 1 part in 715,800 H 2 O at 18.8®. 

When a silver solution is added very carefully to a sodium chloride 
solution (or to another chloride), a point can be found when the liquid 
gives a cloudiness (due to AgCl) with either solution. This must l^e 
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attributed to the fact that the liquid is saturated with silver chloride and 
contains no other silver salt nor any other chloride. In view of the very 
high dilution of such a silver chloride solution (see above) it may be 
assumed that the dissolved part is completely ionized. If silver or 
clilorine ions are now introduced into the liquid, the ionization of the 
silver chloride is diminished and AgCl molecules are formed, but these 
cannot remain in solution, since the solution is already saturated with 
them. 

Silver chloride dissolves readily in ammonia, potassium cyanide 
and sodium thiosulphate, forming complex ions. 

If a solution of silver chloride and ammonia is allowed to evap- 
orate in the dark at room temperature, silver chloride crj^stallizes 
out in finely developed octahedrons. 

Silver bromide, AgBr, is less soluble than the cliloride and has 
a yellowish color. It dissolves with difficulty in ammonia but 
easily in thiosulphate. Silver iodide, Agl, is even less soluble than 
silver bromide at ordinary temperatures. It is insoluble in ammo- 
nia. It is yellow. At high temperatures these halides melt and 
on cooling form a horny mass, which can be cut with the knife 
('ffiom-silver, ” cf. § 245). Silver fluoride, AgF, is much more solu- 
ble in water than the three preceding halogen compounds. 

Potassium silver cyanide, KAg(CN) 2 , obtained on adding potas- 
sium cyanide to a silver solution, dissolves readily in water and is 
used in large quantities in electro-plating. When a current passes 
through it, potassium is deposited (primarily) at the cathode, while 
the. anion Ag(CN) 2 ' wanders to the anode; however, potassium pre- 
cipitates silver from potassium silver cyanide: 

K+KAg(CN)2 =*2KCN +Ag. 

Thus silver is deposited on the cathode while the anion Ag(CN) 2 ^ 
takes up an atom of silver at the silver anode to form silver cyanide 
and again unites with potassium cyanide to form the double salt, 
if the anode is of platiAum, cyanogen gas is set free from the aiuon 
Ag(CN) 2 ', and the anode becomes covered with silver cyanide, 
wffich soon interrupts the current. 

All the silver salts, particularly the chloride, bromide and iodide, 
are sensitive to light, i.e. they are decomposed by light, espe- 
cially by the violet and ultra-violet rays of the spectrum; as a result, 
the halogen passes off and the color of the salt becomes first violet 
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and then black. . A blackened preparation of this sort can be re- 
whitened by chlorine-or bromine-water. The sensitiveness to light 
depends in large measure on the manner in which the silver halide 
is precipitated. 

247. Photography. The property of silver chloride and silver 
bromide just mentioned forms the basis of photography. The 
process is essentially as follows; A glass plate is coated with’ a 
“sensitive film,” i.e. a thin layer of silver chloride or bromide is 
spread over it. Formerly this w^as usually prepared by the pho- 
tographers themselves from collodion (see 0kg. Chem., § ^31) 
which contained a halogen salt, e.g. Cdl2, in solution. After 
the evaporation of the solvent a halide coating remamed, and by 
dipping the plates so prepared into a solution of silver nitrate, 
the silver halide was formed on them. These were the “\v('t 
plates”; now they are almost entirely superseded by the “dry 
plates.” 

The latter are prepared commercially on a large scale. They 
consist of a film of silver bromide in gelatine (less frequently in 
collodion) on a glass plate. 

A sensitive plate of this sort is placed in the photographic 
apparatus, which is essentially a cainem ohscura, and the plate is 
there “exposed” to a light-image, which affeejs the silver halide 
chemically. It is very probable that by the action of the light a 
subhalide is formed; the liberated bromine enters into combination 
with the gelatine or the collodion and is therefore unable to trans- 
form the sub halide into halide. As yet no picture can be seen on 
the plate; it must first be “developed.” For the latter purpose 
the plate is immersed in a liquid containing a reducing substance. 
A typical developer is a solution of ferrous oxalate in an excess 
of potassium oxalate; various other organic compounds (amido- 
phenols, etc.) are at present frequently used. At those places on 
the plate where the light has struck, more or less silver (according 
to the intensity of the action of the light) is set free in the metallic 
form as a very thin coating, while the 'remaining silver halide is not 
affected by the developer. This halide must next be removed, ehe 
It would be decomposed by the light and more silver liberated: 
therefore it is immersed in a solution of sodium thiosulphate 

(“hypo”). This operation is called “fixing” the image. Fp h> 

this time the plate must be kept from the light. 
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After the fixing we have a so-called negative, i. e. there 
remains on the glass plate a picture which is black in those places 
which “were illuminated in the object and clear on those places which 
were dark. From this a positive impression is prepared by 
laying the negative on a paper coated with a sensitive film and 
exposing the whole to direct sunlight. Those places on the nega- 
tive where silver was deposited let no light or very little through 
(according to their thickness), so that a positive image is now pro- 
duced. Finally the positive image is also fixed, for which purpose 
a bath containing thiosulphate and a little gold chloride is used. 
The latter improves the color-t o n e of the photograph. 


Tlje photographic process in its various stages is very interesting 
also from a theoretical standpoint and deserves a little more detailed 
study. 

1. Preparation of the Plates.— A mixture is made of solutions of 
silver nitrate and ammonium bromide containing enough gelatine 
to make them congeal at room temperature. Strange to say, no sepa- 
ration of silver bromide is observed immediately on mixing, as is the 
case when the corresponding aqueous solutions are mixed, but silver 
bromide is nevertheless formed, even though it be in such a fine state 
of division that it only shows itself in a slight opalescence of the sohi- 
tion. Its presence, can be demonstrated by measuring the electrical 
conductivity. If, instead of the silver bromide, its ions, Ag* and Br', 
were present, the conductance would have to be much greater thmi 
that corresponding to the ammonium nitrate which results from i e 
mixing (AgN 0 ,+SH.Br=AgBr+IvH,X 03 ). The observed conduc- 
tance is, however, very nearly equal to that of a ge ” 

of ammonium nitrate having the same concentration. is ics 
prepared silver bromide gelatine is relatively not very sensitive^to light. 
In order to increase its sensitiveness the rai.xture is a one o npei 
bv standing in the warn for a considerable length of tone. It hen 
loses its tLparency and becomes yellonash white. The resu t „g 
increase in sensitiveness must be accounted for by supi»s.ng bat the 
light is not sufficiently absorbed by the transparent gelatine to «ert 
its full action, and that this is only accompbhed ^ 

of ripening the finer particles of silver bromide have e^™ 
larger ones, which render the mass opaque an ^ , spread 

absorptive power. The ripened silver bromide gelatine P 

“’’I The Utent Image.-When the plates are exposed 

is formed upon them silver subbromide, Ag^r,-not metalhc silver. 
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ijiuce treatment with dilute nitric acid does not destroy the latent image. 
Besides silver subbromide, free bromine is also formed during the expo- 
sure; if a closed apparatus i_s used and it is afterward placed in the 
dark, silver bromide is formed again. Moreover not all the silver bromide 
is decomposed, but an equilibrium is established: 

2AgBr;:=iAg2Br +Br, 

which is displaced farther to the right, the stronger the illumination. 
Light thus plays the same role in this dissociation as heat in other dis- 
sociations. If a gelatine plate is used the latent image remains for 
months unaltered because the free bromine is taken up by the gelatine. 

3. Developing.— This process is explained by some as follows: By 
the reduemg action of the developer silver is immediately set free from 
silver siibbromide but not from silver bromide, notwithstanding that 
the latter is capable of being reduced. The system silver bromidq plus 
develo})cr can be compared to a supensaturated solution, which only 
deposits solid salt when it comes in contact with a crystalline nucleus of 
salt (c/. § 237). The nuclei of metallic silver arc furnished by the silver 
separated out of the subbromidc. The deposition of additional silver 
molecules takes j)lace only uj>on those molecules already there and 
not on spots where there was no subbromide originally, i.e. silver is 
deposited only where the light acted on the plate. According to this 
nucleus theory the developing process would be •comparable to the 
following experiment: If a few letters arc written on a glass plate with 
a piece of alum and the plate is laid in a supersaturated solution of 
this salt, the letters become visible, because alum is deposited on them. 

Silver sulphate, Ag2S04, is obtained by dissolving silver in 
hot concentrated sulphuric acid. It is scarcely soluble in cold 
water. 

Silver nitrate, AgNOg, prepared by dissolving silver in nitric 
acid, crystallizes isomorphous with saltpetre in beautiful rhombic 
crystals. It is very soluble in water (1 part in 0.5 part at room 
temperature) and melts at 218°. In medicine it is frequently 
employed, especially as a caustic; it goes under the name of lunar 
caustic,^’ Indelible inks are also prepared from it. 

Silver nitrite, AgN02, is formed as a yellowish precipitate on 
mixing an aqueous alkali nitrite solution and silver nitrite; it dis- 
solves in boiling water and crystallizes on cooling in beautiful 
needles. 
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GOLD. 

248. This metal generally occurs mtive, being found in beds 
of quartz and alluvial deposits resulting from the decay of quartz 
rocks. Traces of gold have been detected in sea-water. It occurs 
in Hungary, Transylvania, the Ural and particularly in Australia, 
in Transvaal and in the western part of the United States and 
Canada. Recently large quantities have been discovered in Alaska 
(Klondike region). In Colorado considerable gold is obtained from 
tellurides (sylvanite, etc.). 


The gold production of the world has rapidly increased of late, 
amounting in 1964 to approximately S351,000,000, or 028,200 kg. The 
principal gold-producing countries are: 


Australasia. , . 
United States. 
Transvaal. . . 

Russia 

Canada 


130,000 kg. 

127.200 

117.200 
33,000 
26,200 


The chief causes of the recent rapid growth of the world’s production 
have been the application of new proces.ses in treating refractory ores 
and the development of new fields, especially in the Transvaal and in 
America. 

An ounce of gold is worth $20.67; a kilogram S664.o6. 


Inasmuch as the amount of gold contained in a cubic meter of 
ore or rock in the most profitable instances is only very small, it 
becomes the task of metallurgy to extract it from proportionately 
large quantities of rock. 

In the Transvaal this is accomplished as follows: The gold oraurs 
there in so-called reefs, which are vertical veins m the quartz, pese 
reefs are seldom more than one meter thick, but extend for miles east and 
west; their depth is unknown. They are mined by blasting with dyn,a- 
mitej the large pieces are reduced to about the size of an egg m a heavy 
iron apparatus and then sent to the stamps, that mwe m a large trough 
through which plenty of water is kept runmng. The water 
the fine auriferous sUme, which is made to floW over amalgaimted copFr 
pjates that are somewhat inclined. The gold is retained by the meremr 
After some time the plates are scraped o2 and the mercury removed by 
distillation, leaving th.e gold. 
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The extracted slime C ‘tailings ”) is treated again for gold, for which 
purpose the cyanide process of Siemens is employed. 

J3y this process the tailings are allowed to stand for from one day to 
three weeks in contact with a 0.1 to 0.01% potassium cyanide solution. 
Under the influence of the oxygen of the air the gold dissolves in it 
forming a double cyanide, KAutCX)^: 

2Au +4KCN + 2 H 2 O +O 2 =2KAu(CN)2 +2KOH +H 2 O 2 . 

Hydrogen peroxide is also formed and serves to bring further amounts 
of gold into solution; 

2Au +4KCN + H 2 O 2 -2KAu(CN)2 +2KOH. 

?rom this solution the gold is obtained by electrolysis between steel 
anodes and lead cathodes. At the anode Prussian blue (§ 308) is formed, 
which is treated for potassium cyanide; the gold is deposited at the 
cathode (§246). This gold is separated from the lead it contains by 
cupellation. 


The following table shows the net results of the method 

described; 

Yield. 

1000 kg. ore, containing 18 g. gold. 

Previous separation. 

Loss. 


750 kg. ore 250 kg. ore 

with 1 7.046 g. gold. with 0.936 g. 
Amalgamation process. 

0.936 g. 

9.385 

9.385 g. 750 kg. ore 

or 55% with 7.679 g. gold. 

Cyanide process. 


6.149 

15.534 
or 86.3% 

6.149 g. 1.530 g. 

recovered lost 

1.530 g. 
2.466 
or 13.7% 


[Particularly in the United States two processes (chlorination and 
ejanide) are in general use for extracting gold from its ores without 
amalgamation. Both processes are especially applicable to low-grado 
and sulphurous ores, e.g. the tellurides of Colorado. In the chlmnaiion 
process the ore is crushed and roasted and then treated in revolving 
barrels with chlorine, prepared either chemically or electrol 3 rtically, 
after which the gold is precipitated with hydrogen sulphide and roasted. 
The cyanide process is much similar to that described above for treatinfj 



249.] 


GOLD. 


363 


the tailings, but zinc generally serves as the precipitant instead of elec- 
trolysis. 

Placet and hydraulic Tnining find application in newly discovered 
deposits but are much less common than vein mining. For the present 
status of the metallurgy of gold as well as other metals the student 
should consult a mining annual.— T r.] 

249. Physical Properties. —When pure, gold is reddish yellow, 
very soft, (much like lead) and extremely malleable and ductile. 
The thinnest gold-leaf appears green in transmitted light. Sp. 
g. = 19.265 at 13 ®. It is a very good conductor of heat and elec- 
tricity. At 1064® it melts to a greenish liquid. 

Chemical Properties.— Gold is the typical representative of the 
precious metals; it is not attacked by acids and is dissolved only 
by chlorine-water, aqua regia and potassium cyanide solution (see 
above). Its compounds are all very unstable; on warming they 
decompose, leaving the metal, 

Uses . — About one-half the world's production of gold is used 
for industrial purposes. For these purposes the pure metal is too 
soft, however, and must be alloyed with copper or silver. The 
proportion of gold in the alloy is ordinarily expressed in carats; 
the pure metal is 24 carats; gold jewelrjq etc., usually 14-18 carats 
i.e., 24 parts of the alloy contain 14-18 parts of gold. The gold 
coins of the United States contain 1 part copper to 9 parts gold, 
those of England 1 part copper to 11 parts gold. 

For purposes of gold-plating the same electrolytic processes are 
employed as for silver-plating. 

Testing of Gold and Silver. 

The oldest method of testing is by means of the touchstone, or '' Lydian 
stone/' a black basalt. This stone must be dull black, unaffected by 
aqua regia and somewFat rough. The sam]4e is rubbed on the surface 
of the stone so as to leave a bright streak of particles of the metal. This 
streak is then compared with that of a series of iouchncedles of known 
composition. 

Silver streaks are compared merely as to color. A skilled observer 
can usually estimate the proportion of silver to within 2.0-1. 5%. 

In the case of gold objects it must be known wFether the metal con- 
tains copper, silver, or both^ Therefore the color of the streak is com- 
pared with that of touchneedles of the presumably corresponding alloy. 
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The streaks are then moistened with a little acid consisting of 1 part HCl, 
80 HNO 3 and 100 H 2 O. Alloys with 75% or more gold are not attacked 
by this mixture at ordinary temperatures. If the percentage is less, it is 
possible to detect differences of 1 %. This method is decidedly crude 
and is usually employed only in confirming a supposed percentage. 
Where the metal is rich it is very deceptive; but gold of a quality such 
as is generally used for ornaments, etc. (ca. fine) can be safely tested 
in this way. 

A far more reliable test of the quality of gold is by cupellation. Part 
of the sample is fused with lead in a small muffle furnace in a small thick- 
w'alled, porous cmciblc (cupel) consisting of bone ash. At the high tem- 
perature of the furnace the lead and any copper present are oxidized and 
their oxides melt and are absorbed by the bone-ash. As soon as they are 
completely taken up the brilliant surface of the metal suddenly appears 
with splendid effect {brightening of gold). The residual drop of metal is 
an alloy of only gold and some silver. The latter is got rid of with 
boiling nitric acid, after the alloy left on the cupel has solidified and been 
hammered flat. 

The proportion of silver in silverware is now determined exclusively in 
the wet way, by titration. 

250. Gold forms two series of compounds analogous to the 
oxides AU 2 O, aurous oxide, and AU 2 O 3 , auric oxide. 

Aurous Compotmds. 

Aurous oxide, AU 2 O, is obtained by treating the aurous chloride 
with dilute potassium hydroxide. It is a dark violet powder, 
which breaks up into its constituents at 250°. 

Aurous chloride, AuCi, is produced by heating auric chloride 
to 185°. It is white and insoluble in water. When heated it 
splits up into its elements. On being warmed with water it yields 
2 Au and AuCfla. 

Aurous iodide is formed (like cuprous iodide) on treating a 
solution of the chloride with potassium iodide. 

The gold double cyanide, KCN- AuCN, is prepared by dissolving 
auric oxide in potassium cyanide; it is used in gold-plating. 

Of the oxy-salts of aurous oxide only a few double salts are 
known. 
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Auric Compounds. 


Auric chloride, AuCla, can be obtained by dissolving gold in 
aqua regia or by the action of chlorine on the metal It forms a 
dark red crystalline mass^ which deliquesces rapidly.’ On 'the 
evaporation of its solution it partially decomposes into chlorine 
and aurous chloride. By evaporating with hydrochloric acid long 
yellow needles are obtained, consisting of a compound AuCls-HCl, 
which can be regarded as chlor-auric acid. Many salts of this acid 
are known to exist, e.g. KCl-AuCl3 + 2JH20 and XH4CI.AUCI3 + 
H2O, as well as many chlor-aurates of organic bases. These double 
salts give the ordinarj' tests for gold, hence this acid either forms 
no complex ion AuCU' or is very unstable. Auric chloride is also 
soluble in alcohol and in ether. 

Auric oxide, AU2O3, can be prepared by precipitating auric 
chloride with magnesia. The latter can be removed from the pre- 
cipitate with concentrated nitric acid, the auric oxide remaining 
as a brown powder, which breaks up at 250 ° into its elements. 

If the precipitate produced by magnesia is treated with dilute 
nitric acid, a reddish-yellow powder of the formula AUO3H3 is 
obtained, which displays acid, instead of basic, properties. Salts 
of this auric acid arc known, which arc derived from the com- 
pound Au(0H)3-H20-^Au 0*0H. Potassium auratc, for exam- 
ple, has the formula KAUO2+3H2O and crystallizes in yellow 
needles. Many other salts are also known; the above-mentioned 
precipitate with magnesia, for example, can be looked upon as the 
magnesium salt of auric acid, Mg(Au02)2* 

Auric sulphide, AU2S3, is precipitated from gold solutions by 
hydrogen sulphide. It is very dark brown and soluble in am- 


monium sulphide. ^ IT r 1 

Gold is precipitated from its solutions in the metallic form y 
various reducing agents. Ferrous sulphate (§ 248 ), oxalic acid 
and acetylene water serve very well for tins purpose. Hydrogen 
peroxide precipitates gold quicUy in alkaline solution. Aque^ 
^dntiem of mMlic gold were obtained by Bredig by comminuting 
gold wire under water by means of an electnc arc. Colloidal si^i- 
tions and a number of stages from such 
do not reveal any separate particles even w en ig , 
to real suspensions (see § 195 ) have also been prepared from other 
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metals, notably silver, mercury and platinum, both with the aid 
of reducing agents and by comminution. They display various 
colorations according to the manner of preparation. 

On adding stannous chloride to a gold solution under certain 
conditions a purple precipitate appears, which bears the name of 
pirple oj Cassius. It probably consists of a mixture of extremely 
finely divided gold and the hydrogel of stannic acid. 

251. For many centuries the alchemists endeavored to produce gold 
from the baser metals. It is needless to say that their efforts were never 
rewarded. The chances of this hope being realized must at present be 
regarded as very slight, since gold is an element. Inasmuch, however, as 
our conception of an element is relative (§ 8), i.e. it depends on the 
extent of our mastery over natural forces, the impossibility of decom- 
posing gold or synthesizing it from other elements is by no means abso- 
lutely established. 

Although we now ascribe to every metal fixed, unalterable properties, 
it might well have seemed possible to the alchemists, with their more 
limited knowledge, that the properties of the metals could vary. Xone 
of the metals except gold occur pure in nature; they have to be extracted 
from oxides or sulphides, which frequently contain various impurities. 
The metals thus obtained had no definite properties; distinction was 
made between various sorts of lead, copper, etc. The mutability of 
the metals may be said to have been the first principle which observation 
taught; indeed, when a piece of metal is fused with small amounts of 
various other substances, its properties (color, etc.) really do change. 
Moreover, at the time of the alchemists the present concept “element 
was not yet established; this was first introduced by Boyle (1627-1691). 
Before then, the doctrine of Aristotle was very generally accepted, 
according to which all substances are made up of air, fire, earth and 
water. In order to produce gold it therefore seemed only necessary to 
deprive the baser metals of certain properties and substitute others. As 
to the metals themselves the idea was prevalent in aJehemistic circles 
that mercury was the primordial substance and that it had undergone 
various changes. Before gold could be made from it it must be made 
refractory and of a yellow color. Not a few alchemists were convinced, 
moreover, that the success of the great work ” depended on the cooper- 
ation of a higher power. 
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SUMMARY OF THE GROUP. 


252. The metals copper, silver and gold form a bridge from 
the difficultly fusible metals, Ni, Pd, Pt (Group VUI), to the 
easily fusible, Zn, Cd, Hg (Group II); their melting-points are 
between those of the two groups. The following brief table sum- 
marizes the physical constants of these metals as well as those of 
tlie related elements, lithium and sodium : 



Li 

Nft 

Cu 

Ak 

Au 

Atomic weight 

Specific gravity. ... ■ - 1 

Melting-point. 

Color 

7.03 
0.59 
180 1 
white 

2 : 3.05 
0,97 
97,6 I 
white 

63.6 

8.91 

1050 

red 

107.93 

10.5 

954 

white 

197.2 

19.33 

1200 

red 


The analogy in the chemical properties is chiefly apparent m 
the -OKS compounds. These have the type R2O tor the oxygen 
compounds and RX for the halides. The -OKS halides of Cu Ag 
and Au are all white and insoluble in water; they are isomorphous 

with sodium chloride. _ ^ 

Moreover, there are certain analogies in solubility. Lithium 
carbonate and hydroxide are less soluble in water than the corre- 
sponding sodium compounds; copper carbonate and by roxi e 
are insoluble, while the corresponding silver compounds dissolve 
to some extent. The sulphate of sodium (third honzontal series 
crystallizes preferably with lOH^O, that of coppw (fifth senes) 
with 5H2O, while silver sulphate (seventh senes) is anhydrous. 

The oxygen compounds exhibit a gradual decrease m stability. 
bbO and NajO are unaffected by high temperatures, but CuO is 
transfonned into CU2O, and the oxides of silver and go rea up 
even at comparatively low temperatures into their elements. 

However, it must be admitted that the analogy between tbe^ 
elements is not so great as in other groups. Their_ difference in 
v.ilence is especially striking and, moreover, t ere is i e s 
larity in the properties of the higher stages of oxidation. This is 
one of the weak parts of the periodic system. 
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BERYLLIUM AND MAGNESIUM. 

I. Beryllium (Glucinum). 

253. This is oae of the rarer elements. It occurs in the mineral heryl^ 
Al203*3Si03+3(Be0-Si02); that variety of beryl which is colored green 
by traces of a chromium compound is the gem called emerald, or maragd 
Chnjsoberyl has the composition BeO’AljOg. 

Almost all the beryllium compounds are made from beryl This is 
disintegrated by fusing with jwtassium carbonate. The fused mass, after 
cooling, is treated with sulphuric acid to precipitate the silica. Most of 
the aluminium is then removed by crystallization in the form of alum, 
as ihi.s is sparingly soluble in cold water, while beryllium sulphate remains 
in the mother liquor. The latter is then mixed with a hot solution of 
ammonium carbonate to precipitate aluminium and iron, bcrylHum still 
remaining in solution. After acidifying with hydrochloric acid, the 
beryllium is precipitated as the hydroxide by ammonia. 

The metal was obtained by heating the double fluoride Ber2’2KF 
with sodium. It is a malleable solid with the specific gravity 1.64. It 
docs not decompose water, even at 100 ®. At ordinary temperatures 
it is permanent in the air. Hydrochloric and sulphuric acids dissolve 
it readily with the evolution of hydrogen; dilute nitric acid docs not 
attack it so readily. Beryllium is also dissolved easily by caustic potash 
and soda with the evolution of hydrogen and the formation of salts 
having the formula. Be(OR)2. The hydroxide thus behaves as a wc;ik 
t acid towards strong bases. These properties correspond to those of 
aluminium; in § 215 attention was already called to the analogy between 
these two elements. This analogy also characterizes their compoumls, 
e.g., beryllium carbide jfields pure methane with water, just like alu- 
minium carbide (§178). 

Only one oxide of beryllium is known, BeO (§215). It is a white 
powder, which after ignition is difficultly soluble in acids (like AIA^* 
It is obtained by heating the hydroxide, Be(OH)2, which is prccipi' 
tated from solutions of the salts as a white gelatinous mass. The hydrox- 
ide (like AJ(0H)3) dissolves readily in alkalies. It is however <Ii 3 * 
tinguished from aluminium hydroxide in two respects: it dissolvc.s in 
ammonium carbonate (see above) and is precipitated from the solution 
in caustic soda or caustic potash by prolonged boiling. 

Beryllium sulphate, BeSO^, crystallizes with four or seven molecules of 
water, in the latter case ting isonaorphoua with MgSO^-THaO. 
double salt BeS04-KjS0|'3H20i8 (like alum) sparingly soluble in wld 
water. Beryllium chloride, BeClj, must be pre'pared from the oxide 
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ly heating with charcoal in a curreat of chlorine. Its vapor density 
corresponds to thd formula BeClj. It crystallizes with 4H2O. Beryllium 
carbonate is soluble in water. It loses carbon dioxide very easily, » 

The beryllium salts taste sweet, hence the name g I u c i n u m (or 
glycinium), which is common in France and America. 

n. Magnesitun. 

254. This element occurs as carbonate, silicate, and chlo- 
ride in considerable quantities. Magnesite is MgCOs, dolomite 
MgCa(C03)2. Among the silicates containing magnesium we have 
ia/cand soapstonef H2Mg3Si40i2; serpentine {asbestos) , H4Mg3Si209; 
merschaum, H4Mg2Si30io. It is found in smaller amounts in 
many other silicates, e.g. hornblende {asbestos), augiie, tourinaline. 
Other salts found in nature arc carTudlite, MgCl2 • KCl ■ 6H2O, kie- 
serUe, MgS04*H20, and kamite, MgS04-KCl-3H20 {Stassfurt 
Ahraum salts). Upon the weathering of the silicates the mag- 
nesium goes into the soil, whence it is absorbed by the plants (to 
which this element is invaluable) and finally taken into the animal 
body. 

The metal is manufactured on a large scale, since it is 
employed for illumination in photography, pyrotechnics, etc.,^ on 
account of the intense light (fiash-ligki) produced by its combustion. 
At present it is prepared mainly by the electrolysis of fused mag-* 
nesium chloride or carnaUite in a cast-steel crucible, which serves 
as cathode; gas carbon is used for the anode. It is also obtained 
by heating the double chloride MgCl2-NaCl with sodium. It is 
silvery-white and has a high lustre. Sp. g. = 1.75. It is malleable 
and ductile and comes on the market in the form of wire or ribbon 
as well as powder, but the ribbon frequently contains zinc. It 
melts at 800° and distils at red-heat. It is quite permanent in 
the air, since it soon becomes coated with a thin cohesive film of 
the oxide;, at an elevated temperature it bums to magnesia, MgO. 
ll^en it is heated red-hot in a limited supply of air, a large part 
is converted into the nitride, Mg3N2, a yellowish-green substance. 
Boiling water decomposes it slowly with the evolution of y rogen. 
It dissolves readily in acids but is unaffected by alkahes. it is a 
powerful reducing-agent, reducing silica (§190), for examp e, 
moreover, when ignited, it bums in water vapor. 
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Magnesium oxide, MgO, magnesiaj is the only oxide of mag- 
nesium known. It results from the combustion of the metal or 
from heating the hydroxide or carbonate. It is a white, very 
light powder, which is employed in medicine under the name mg~ 
nesia usla. With water it forms the hydroxide Mg(OH)2. 

Magnesium hydroxide, Mg(OH)2, is precipitated from solutions 
of magnesium salts by alkalies. It is slightly soluble in water and 
turns red litmus blue ; how^ever in an excess of alkali its ionization 
is so diminished that it becomes practically insoluble. It is a 
weak base, but is strong enough to absorb carbon dioxide from 
the air. It dissolves readily in an aqueous solution containing 
ammonium salts. According to Ostwald, this is to be explained 
as follows: The solution of an ammonium salt contains a large 
quantity of NH4-ions. When a substance is introduced into the 
solution, which gives off OH-ions, as does magnesium hydroxide, 
these NHi-ions unite with OH-ions to form NH4OH, or rather 
NH3 + H2O (c/. § 234 ). As a result of this reaction OH-ions dis- 
appear. In order to restore the equilibrium between the undis- 
solved magnesium hydroxide and the solution, more of this hy- 
droxide must go in solution, but again the freshly formed OH-ions 
are taken up by the NIl4-ions. If sufficient of the latter are present, 
this process will go on till all the magnesium hydroxide has entered 
into solution. It now becomes clear why, on the other hand, the 
solution of a magnesium salt is not precipitated by ammonia in 
the presence of a sufficient quantity of ammonium salt. 

MAGNESIUM SALTS. 

255. Magnesium chloride, MgCl2, crystallizes with six mole- 
cules of water and is very hygroscopic. The deliquescence of 
common salt is due to the magnesium salt it usually contains. 
For the role of this salt in the Solvay process compare § 226 ; 2. On 

evaporating the aqueous solution the basic chloride, and 

hydrochloric acid are formed; sea-water cannot be used in boilers 
because of the magnesium salt it contains, for the hydrochloric 
acid set tree attacks the iron. Many double salts of magnesium 
chlondeare known. 

It can be obtained anhydrous by heating the double chloride 
MgCl2‘NH4CI*6H20, when it forms a laminhr-crystalline mass, 
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which melts at 708 ° and distils without decomposition at bright red 
heat. 

Magnesium sulphate, MgS04 -71120, Ev^om mil, finds use in 
medicine. It is very soluble in water. It loses 6 mols. H2O at 
150 °, and the seventh above 200 °. In this respect it behaves like 
other sulphates, e.g. ZnS04 -71120, reS04 -71120, and those of 
nickel and cobalt, which are, moreover, isomorphous with it. A 
further analogy between these sulphates appears in the fact that 
with sulphate of potassium or ammonium they form double salts of 
the same type, K2S04-MgS04 -61120, which are also isomorphous. 

Magnesium ammonium phosphates, MgNn 4 p 04 • 6 H 2 O, serves 
for the precipitation of magnesium as well as of phosphoric acid. 
It is not wholly insoluble in water, but does not dissolve in 
ammonia, the reason for which is again to be found in the reduc- 
tion of the ionization. Completely analogous to this compound 
is the corresponding arsenate, MgNH4As04 '61120. 

Magnesium carbonate.—From solutions of magnesium salts 
soda precipitates a basic carbonate, Mg(0H)2-41\IgC03 -41120. 
Tlie carbon dioxide liberated holds part of the magnesium in solu- 
tion as acid carbonate. This precipitate is known as magnesia 
aiha. The neutral carbonate can be prepared from it by sus- 
pending magnesia alba in water, passing in carbon dioxide and 
allowing to stand; in time the salt MgCOs '31120 crystallizes out, 
which is, however, readily split up hydrolytically by water, form- 
ing basic carbonate again. 

CALCIUM, STRONTIUM AND BARIUM. 

I. Calcium. 

256. This element is one of the ten principal constituents of 
the earth^s crust (§8). Particularly the c a r b 0 n a t e is found 
in large quantities in nature, limestone, calcite, aragonite, viarble 
and chalk, all being forms of it. An earthy deposit containing a 
certain amount of calcium carbonate is termed marl Calcium 
silicates and especially calcium double salts constitute the major 
portion of the siliceous rocks. There arc also extensive beds of 
calcium phosphate, phosphorite, apatite, etc., particularly in Spain 
and Florida. Calcium occurs as sulphate in the form of gypsum 
and alabaster, Moftover, in the animal kingdom large quantities 
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of this element are found. The skeletons of vertebrates are chiefly 
phosphate and carbonate of calcium; the shells of mollusks con* 
sist of calcium carbonate, as do also egg shells. As for the plants, 
lime is one of their invaluable inorganic constituents, • 

Metallic calcium can be obtained either by electrolysis 
of fused anhydrous calcium iodide or by decomposition of the same 
salt with sodium at red-heat. If an excess (three times the theo- 
retical amount) of sodium is taken in the latter operation, the 
calcium dissolves in the molten sodium and crystallizes out on 
cooling. The sodium can be removed with absolute alcohol, which 
acts on calcium only slightly at ordinary temperatures. Calcium 
is a silvery-white metal, which melts at 760^; it is soft enough to 
cut and is malleable, but less so than potassium and sodium; it 
has a crystalline fracture. Sp. g. = 1.78-1.87. It is relatively 
little affected by oxygen, chlorine, bromine and iodine, all of 
which react with the metal only at a higher temperature than the 
ordinary one. In a current of air calcium unites with both* oxygen 
and nitrogen (§ 110). 

OXIDES AND HYDEOXIDES OF CALCIUM. 

257. Calcium oxide, CaO, (quick-lime, unslaked lime) is pre- 
pared commercially by burning ” limestone or mollusk shells. 
Thejimestone is mixed with coal and the latter is set on fire; the 
heat of the burning coal decomposes the carbonate of lime into 
calcium oxide and carbon dioxide. The kilns are usually con- 
structed in such a way that the burned lime can be drawn out at 
the bottom while the mixture of fuel and limestone is fed in at the 
top, so that the process is c 0 n t i n u 0 u s . In the United States 
“ long-flame ” periodic kilns are generally used because they 
are simpler and. fuel is inexpensive. 

Calcium oxide is a white amorphous powder, which requires 
the temperature of the electric furnace for fusion (§ 176). On 
being heated strongly with an oxy-hydrogen flame it emits an 
intense white light (§ 13). It absorbs water and carbon dic.^ide 
from the air; as a result the chunks of lime, which are hard and 
solid when they come from the kiln, gradually crumble. to fine 
powder. 

Calcium hydroxide, Ca(OH) 2 ; (slaked lime) is obtained by 
“ slaking quick-lime with water. Its form^ion is attended by 
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tlie evolution of much heat. It is only sparingly soluble in water 
(forming lime-vxjter) , but more soluble in cold water than in warm. 
The solubility, is however, sufficient to make the precipitation of 
this hydroxide by ammonium hydroxide impossible, for the con- 
centration of the hydroxyl ions of the latter is too small together 
with that of the calcium ions present to reach the value of the 
solubility product of calcium hydroxide. At red-heat it is recon- 
verted into the oxide. 

3/ortar.— Calcium hydroxide is used in masonry. ?or this 
purpose quicklime is mixed with w^ater and sand so as to form a 
thick paste, called mortar, which is thrown in between the 
stones. After some time the mass becomes as hard as stone; this 
is due to the conversion of the hydroxide into the carbonate by 
the action of the carbon dioxide of the air. The sand makes the 
mass porous, so that the process of hardening extends inward; 
the older the wall the harder the mortar. The formation of cal- 
cium silicate appears to play only a minor role in this process. 

If the lime contains more or less magnesia it is difficult to 
slake; it is therefore less adapted to masonry purposes and is 
called poor,” or “ lean,” in contrast with the pure, easily slaked 
“ fat ” lime. 

Cement contains, besides lime (50-60%), principally silica 
{(a. 24%) and alumina (m. S%). It is made by burning a mixture 
of limestone, clay and sand. In some places, c.g. Brohlthal in 
tlie Rhine region, such a mixture occurs as tuffstone,” which 
yields cement directly on burning. Cement after being mixed 
with water sets very firmly in a short time; this Ls due, in all 
probability, to the fact that on treating it with water calcium 
aluminate is dissolved and the solution slowly deposits a hydrous 
aluminate, which is much less soluble and causes the setting of 
the cemfent. At the same time insoluble calcium aluminium 
silicates are formed. 

Calcium peroxide, Ca02 - 81120 , is deposited when lime-water 

treated with hydrogen peroxide solution. It gives up oxygen 
oil heating, 

SALTS OF CALCIUM. 

258. Calcium chloride, CaCl 2 , is obtained by dissolving the 
fiytroxide or carbonate in hydrochloric acid. It can crystallize 
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with various amounts of water. The hydrate CaCl 2 ' 6 H 20 forms 
large crystals. Calcium chloride is very hygroscopic and is there- 
fore frequently used to dry gases or to absorb water dissolved in 
organic liquids (ether, carbon disulphide, etc.). It melts at 719®. 
It unites with ammonia to form CaCl 2 - 8 NH 3 ; hence it cannot be 
used to dry this gas. 

When crystallized calcium chloride is mixed with ice the temperature 
falls considerably, even reaching —48.5®. Such a mixture is called a 
cooling- or freezing-mixture and is often employed for producing low 
temperatures. Besides calcium chloride and ice, many other such 
mixtures are known; the one most frequently used is that of common 
salt and ice, with which a temperature of -21® can be obtained. Ice 
is not absolutely necessary; for instance, if solid ammonium nitrate 
is added to its own weight of water, a temperature of -15.5° can be 
produced. 

In order to understand why such mixtures become so cold w^e must 
recall § 237. Suppose that ice is introduced into a saturated salt solu- 
tion of 0 °, solid salt being present at the bottom so that the liquid 
remains saturated. The system solution + ice is not in a state of equi- 
librium at 0 °, for the salt solution has a freezing-point much lower thdn 0 ®. 
It cannot therefore contijiue in this state, but, if it is to be in equilibrium 
with ice as solid phase, the temperature must sink, and this is only 
possible as the ice melts, by which process heat is changed into the 
latent condition. If enough ice is present, it can, by melting, continue 
to withdraw free heat from the system till the cryohydric point is 
reached; for only at or below that point can ice and salt exist perma- 
nently side by side. It follows, therefore, that the cryohydric tempera- 
ture is the lowest that can be reached by the mixture. In § 237 it 
was shown, further, that there is no essential difference between (he 
two components of a solution; this is also seen on considering cooling- 
mixtures containing no ice. For instance, when ammonium nitrate is 
added to water, the solution has a freezing-point much lower than O®- 
Here it is the great absorption of heat in dissolving the salt, that causes 
the fall of temperature necessary to establish the equilibrium. If (his 
fall is to be considerable, the solubility of the salt must of course be 
great. In this case also the cryohydric point is the lowest temi^r^^' 
ture that can be reached by the mixture. 

Chloride of lime is a name given to a product obtained by 
saturating slaked lime with chlorine at orinary temperatures* 
Just what compound is formed here is not yet definitely kno^va 
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although the matter has been frequently investigated. There is, 
however, much evidence in favor of the formula Ca<^p, accord- 
ing to which it is a mixed salt of hydrochloric and hypochlorous 
acids. At any rate this is more probable than the supposition 
that chloride of lime is a mixture of calcium hypochlorite and 
calcium chloride (§ 56), for it Is not possible to extract any chlo- 
ride of calcium from it with alcohol, although this salt is very solu- 
ble in alcohol, and almost all the chlorine is expelled by a current 
of carbon dioxide. 

Chloride of lime is employed in large quantities for bleaching 
and disinfecting {hlcackiiig-powder). It is an incoherent white 
powder with the odor of chlorine (on account of decomposition 
by the carbon dioxide of the air.) AVhen treated with hydro- 
chloric or other acids it yields chlorine: 

Ca[?|^'+2HC1 =CaCl 2 +H 2 O+CI 2 ; 

Ca^P +H 2 S 04 =CaS 04 +H 2 O +CI 2 . 


A solution of chloride of lime, when mixed with a cobalt salt and 
warmed, evolves oxygen. This reaction can be regarded as primarily an 
oxidation of CoOto C0.O3, the latter then yielding oxygen with chloride 
of lime and forming CoO anew. The cobaltous oxide would thus act 
as a catalyzer. 

Calcium fluoride, CaF 2 , occurs in nature as flw)r spar or fluorite, 
forming cubes, which are often fluorescent. It is insoluble in 
water. It fuses at red-hcat and is frequently employed as a flux 
in metallurgical processes. It can be obtained artificially by treat- 
ing a solution of calcium chloride with sodium fluoride, NaF. 

Calcium sulphatf, CaS 04 *21120, occura in nature as gypsum 
(5 256). It is only slightly soluble in water. We also find calcium 
sulphate in nature as anhydrite, which has no water of crystalliza- 
tion and is very difficultly soluble in water. Gypsum passes over 
into this anhydrous modification on being ignited. However, the 
reverse transformation, recombination with water, does not take 
place, or at least proceeds very slowly, so that ignited gypsum is 
said to be “dead-burnt.” If the dehydration is carried out at a 
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lower temperature, an anhydrous gypsum is obtained which is 
comparatively easily soluble in water soluble anhydrite”) and 
absorbs winter veiy rapidly. In addition to these varieties there 
is also a “half-hydrate”, 2CaS04-H20. This is the chief constit- 
uent of “ plaster of Paris. ” On being stirred with water it takes 
up the latter rapidly and, like the soluble anhydrite, forms the 
dihydratc, CaS04 • 2H2O, whereupon the mass becomes hard. This 
is the basis of the application of gypsum in the manufacture of 
casts, etc. 

The “setting” depends upon the relatively high solubility 
(about 1 %) of this half-hydrate, on account of which it forms a 
solution supersaturated as to gypsum (CaS04 -21120; solubility 
about 0.2%) and gypsum is deposited. Another very essential fac- 
tor in the setting is the filamentary character of the precipitated 
g3^psum, a jiroperty which is entirely lacking in the case of calcium 
hydroxide, for which reason slaked lime does not hold together. 

The credit of having explained the conditions governing the exist- 
ence of the above-mentioned modifications as well as of having deter- 
mined the positions of their transition points is due to Van't Hoff. 
The investigation was rendered the more difficult because of the retard- 
ation phenomena which obscure the true situation. It was found that 
the half-hydrate is to be regarded as a metastable modification, because, 
for one reason, the temix^rature at which it goes over into soluble anhy- 
drite is lower than that at which the dihydrate loses ail its water, while 
in general the loss of water by hydrates proceeds step by step with rising 
temperature. Moreover the greater solubility of the half-hydrate, as 
compared with that of the dihydrate, is an additional reason. There is 
thus the same relationship here as between the metastable cr}'stals 
Na^SO^-TUjO and the salts Na^SO/lOHjO and N%S0^, except that in 
this latter case the transformation from metastable to stable modifi- 
cation takes place very easily on touching the heptahydrate i\*iih ^ 
crystal of the decahydrate, while the half-hydrate of calcium sulphate, 
even in contact with the dihydrate, retains its identity indefinite!)'. 

Calcium nitrate, Ca(N03)2, results from the decay of nitrog- 
enoitt organic substances in the presence of lime. It crystalli^^^s 
with four molecules of water. The anhydrous salt deliquesces in 
the air and dissolves readily in alcohol. It is converted into salt- 
petre by potash or potassium chloride (§ 229). 
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Calcium phosphates, — The tertiarij salt, Ca3(P04)2, is msoluUe 
in water, as is also the secondary salt, Ca2H2(P04)2j The primary 
salt, CaH4(P04)2, however, is readily soluble; it is employed in 
large quantities as an artificial fertilizer, under the name of “super- 
pliosphate, ” 

This superphosphate is manufactured by thoroughly mixing ground 
jhosphorite (or bone meal) in a cast-iron mixer with chamber acid 
according to the proportions of the equation 

CagCPOJa + 2 H 2 SO, -CaH,(P0j2 + 2CaSO,. 

The mass, w^hich is at first semi-solid, soon becomes solid, since the 
calcium sulphate that is formed takes up the water contained in the 
chamber acid to form crystals. 

When superphosphate is mixed with soil the primary calcium sulphate 
goes into solution and, since every soil contains lime, it is forthwith 
reconverted into insoluble secondary or tertiary phos[)hate. Appar- 
ently nothing has been gained toward making the phosphoric acid 
soluble.” However the phosphate is now diffused widely in the soil 
and is therefore much more accessible to the roots of the plants than if 
the soil had been mixed with tertiary phosphate only. 

259. Calcium carbonate, CaCOs, is dimorphous, occurring 
rhombohedral .as caldte and rhombic as aragonite, ’^Tien the 
solution of a calcium salt is treated with soda, calcium carbonate 
is at first precipitated in an amorphous, very voluminous and more 
soluble form; after a short time, how^ever, it turns to a finely 
crystalline powder. It is very slightly soluble in water, but more 
extensively so in water containing carbonic acid, since the acid 
calcium carbonate is then formed. The latter decomposes wlwn 
the solution is boiled, carbon dioxide escaping and crystalline 

neutral carbonate being deposited. 

Hardness oj IPaier.— Almost every river- or spring-water holds 
more or less lime in solution. The lime is present as sulphate or 
as acid carbonate. Such a water forms but little, if any lather 
^vith soap; the fatty acids of the soap form white insoluble salts 
with the lime, so that water containing much lime is not good 
for washing. Such a water is termed hard m contrast with a 
water that is free or nearly free from lime, which is called s 0 t . 
If the hardness is due to acid carbonate (also caUed bicarbonate 
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of lime), it disappears on protracted boiling, calcium carbonate 
being precipitated. In such a case we speak of temporary 
hardness. In metallic boilers and similar vessels the carbonate 
of lime that is deposited adheres firmly to the sides (‘^boiler- 
scale”). If the hardness of a water is due to gypsum, which is 
only partially removed by boiling (§ 236), it is spoken of as 
permanent hardness. 

When heated, calcium carbonate breaks up into lime and 
carbon dioxide. We have here a case of complete heterogeneous 
equilibrium (§71), for the susbtances are CaO and CO 2 aiid the 
phases CaO, CaCOs and CO 2 . This is confinned by experiments, 
wTiich show that the concentration of the gaseous phase (the dis- 
sociation tension) at a definite temperature is constant and there- 
fore independent of the amount of each phase. Complete decom- 
position into lime and carbon dioxide can only occur, therefore, 
when the gaseous phase is removed (as in Ume-burning, §257) 
or when its tension is kept below the dissociation tension. On 
the other hand, if the tension of the carbon dioxide is greater 
than the dissociation tension, calcium carbonate cannot decom- 
pose. Under these circumstances it is possible to filse calcium 
• P carbonate; on solidification it assumes a 

CaCOj+cOj crystalline structure and becomes marble. 

In the adjoining Fig. 66, let AB repre- 
dissociation curve of calcium car- 
^ cao+co bonate in a coordinate system Ft, " Only 
^ 1 i along this curve are the three phases in 

Fig. 66. equilibrium with each other; under any 

other conditions one of the phases disappears 
and we enter either the region of the phases CaO-hCOs or that of 
CaCOs-f CO2. 


Calcium oxalate, CaCiO^ • 2 H 2 O, is deposited when ammonium oxalate 
is added to the solution of a calcium salt. The precipitate is insoluble in 
acetic acid, but soluble iiv mineral acids. This is a good illustration 
of the statement in § 140 that those salts which are insoluble in water 
dissolve only in acids that are stronger than the acid of the salt. Accord- 
ing to their conductivities acetic acid is less ionized, and the stronj? 
mineral acids more ionized, than oxalic acid. The addition of 
slightly dissociated acetic acid causes only a partial combination of 
the H-ions and CjO^-ions (anions of oxalic acid) so that only very littk 
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calcium oxalate has to dissolve before the value of the solubility product 
is again reached. The addition of a strong mineral acid^ however, 
causes the H- and ions to unite to such an extent that the solu- 
bility product of calcium oxalate can no longer be reached and the 
latter must therefore dissolve completely. 

GLASS. 

260. Calcium silicate is chiefly important because it is a con- 
stituent of almost all sorts of gKss. 

Glass is a mixture of silicates of the alkalies with calcium silicate 
or lead silicate. The alkali silicates are soluble in water, amorphous 
and easily fusible. The calcium silicates, however, afe insoluble, 
very hard to fuse and frequently crystallized. By fusing both 
together an insoluble amorphous transparent mass of moderate 
fusibility is obtained, which is glass. It is prepared by fusing a 
mixture of clean sand, lime and soda in refractory crucibles. 

The properties of glass depend primarily on the quality of the 
materials and secondarily on the proportions used. By varying 
these two conditions it is easy to obtain grades of glass varying 
widely in fusibility, hardness, lustre, refractive power, etc. There 
are very many different sorts in use. Some of the most important 
arc the following: 

Soda glass {wiTidm-glass) is a soda-lime silicate. It is 
readily fusible and is used for most purposes of the household. 

Potash'glass (croiyn glass, Bohemian glass) consists of a 
silicate of potassium and calcium. It is very difficult to fuse and 
is therefore extensively used for chemical purposes (combustion 
tubes, etc.). 

Leadglass {flint glass) is a silicate of potassium and lead. 
It is softer, more easily fusible and highly refractive and takes on 
a beautiful lustre when polished. It is therefore used for optical 
instruments and fancy glassware (“cut glass”). 

Besides the substances mentioned many others are used in glass 
factories to impart particular properties to the glass. The addi- 
tion of boric acid or the partial replacement of lead with thallium 
gives lead glass a still higher refractive index. An admixture of 
alumina, AI2O3, prevents or liinders chemical utensils of glass from 
iiecoming brittle and allows the replaceinent of part of the alkali 
t'y lime. Certain metallic oxides form colored silicates and are 
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therefore mixed in with the furnace charge to color the glass (cobalt^ 
blue; chromium or copper, green; uranium, yellow-green fluor- 
escent; etc.). The addition of bone-ash, Ca 3 (P 04 ) 2 ; or tin oxide 
gives a milky-white opaque glass. The following table shows the 
percentage composition of various kinds of glass, as determined 
by analysis: 



SiOj 

KjO 

NajO . 

CaO 

PbO 

A 

and 

Window-glass 

70 


13 

13 



Bottle-glass 

60 


3 

' 25 1 



Crown glass. 

73 

11.0 

3 

11 



Flint' glass 

50 

11 



38 

( 








Water has in general very little effect on glass; nevertheless it 
attacks it somewhat. Old window^-panes have a peculiar irides- 
cence, due to surface weathering. As it is very ■ important 
in exact analyses to know how much glass can be dissolved from 
the utensils, careful investigations have been carried out, the 
results indicating the following; When the glass is new a rela- 
tively large amount goes into solution; this amount gradually 
decreases in the course of a few weeks to a minim um , At the 
first the alkali in particular is dissolved from the surface and the 
resulting solution then acts as a solvent for the silicic acid, To 
prepare glass vessels so that they are almost wholly unaffected 
by water they are subjected to a jet of steam for a quarter of an 
hour or left for several weeks full of water, the water being 
renewed occasionally. Thus there is formed on the surface a thin 
layer, rich in silica and lime, which protects the inner portion 
from the action of the water. 

The dissolving action of water on the alkali of glass can be readily 
shown by agitating finely powdered glass in water. The liquid at once 
turns phenolphthalem bright red. 

Glass is a typical amorphous substance. Such substances are 
often defined as liquids wdth a very high internal friction and flie 
behavior ol molten glass on cooling is an excellent illustration 
of this definition. At high temperatures molten glass is a tldn 
liquid, if the temperature is allowed to sink, the consistency of 
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the glass becomes tougher, so that between the wholly liquid 
and the wholly “ solid states, there is a continuous series of half- 
liquid states. As it is thus impossible to find a temperature limit 
to the applicability to glass of the laws of solutions, e.g. the law 
of diffusion, it seems rational to consider the “ solid ” amorphous 
state as liquid, in contradistinction to the crystalline state, 
which latter is truly solid, having very different properties from 
liquids. 

In glass we have, further, an example of a solid solution. By 
this term Van’t Hofp understands any solid substance which is a 
homogeneous mixture, such as a metallic alloy, for example. 
Crystallized substances can also form solid solutions, or mixed 
cnjslnh (§ 210 ), as they are commonly called. The term ‘'solid 
solution ” is applied to these solid mixtures, because tliey are 
found to have various properties of liquid solutions. For example, 
a solid solution may become saturated; i.e. at a higher concen- 
tration than corresponds to saturation the solid phase becomes 
heterogeneous. 

Calcium sulphide, CaS, is made by heating gypsum with char- 
coal. On treating the mass with water calcium hydrosulpbide, 
Ca(SH)2, is formed, whose aqueous solution loses hydrogen sul- 
phide on boiling. Calcium sulphide (like the sulphides of barium 
and strontium) has the property of emitting light in the dark 
after it has been exposed to sunlight, but seems only to show 
this phenomenon when it contains traces of other elements, such 
as vanadium or bismuth. 


n. Strontium. 

261. This is one of the less widely diffused elements. The 
principal strontium minerals are sirontianitc, SrCOs, and celestitej 
SrS04. Ifs compounds arc very analogous to those of calcium. 

The metal has been obtained by the electrolysis of fused 
strontium chloride. Its specific gravity is 2 . 5 . In its properties 
it corresponds to calcium throughout. 

Strontium oxide, SrO, is formed on igniting the hydroxide or 
carbonate. The temperature required for the complete dissocia/- 
tion of the latter is higher than that for the corresponding calcium 
compound. The hydroxide, Sr{0H)2'8H20, is more soluble in 
water than calcium hydroxide. The chloride, SrCl2‘6H20, is 
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hygroscopic, like that of calcium. It is soluble in alcohol and 
can, with the aid of the latter, be easily separated from barium 
chloride, which is insoluble in alcohol. Strontium sulphate is 
much less soluble than calcium sulphate; at 16.1° 1 part SrSQ^ 
dissolves in 10070 parts H 2 O (CaS 04 , 1 part in 543 at 15.2°). In a 
mixture of alcohol and water it dissolves to an extremely small 
extent. Strontium nitrate, Sr(N 03 ) 2 j is insoluble in alcohol; 
this forms the basis of separating it from calcium nitrate, which 
dissolves in alcohol 

Strontium salts are used in pyrotechnics because of the beauti- 
ful crimson color they impart to a flame. 

III. Barium. 

262. This element occurs combined as barite, or heavy spar, 
BaS 04 , and as witherite, BaCOg, in considerable quantities. In 
preparing the other barium salts it is merely necessary to dissolve 
the latter mineral in the proper acid. Barite, however, must first 
be reduced by ignition with charcoal This can be accomplished 
in the electric furnace; 

(1) 4BaB04+4C =BaS+3BaS04-b4C0; 

(2) 3BaS04+BaS=4Ba0+4S02. 

The metal is, in this case also, obtained by the electrolysis 
of the fused chloride. Another method is to treat a hot barium 
chloride solution with sodium amalgam, forming barium amalgam; 
on distilling off the mercury in a current of hydrogen, the barium 
is left, although not entirely free from mercury. It decomposes 
water vigorously even at ordinary temperatures. Sp. g.=3.75. 

Barium oxide, BaO, is obtained by igniting the nitrate or 
hydroxide at a high temperature. It unites very readily with 
water to form the hydroxide, Ba(OH) 2 , which is rather soluble in 
water (yielding baryta-water), and crystallizes from the hot solu- 
tion on cooling in pretty lamime, which contain eight molecules of 
water. 

Barium peroxide, Ba02, forms on heating the oxide in a cur- 
rent of oxygen or air. When it is introduced into dilute sulphuric 
acid, barium sulphate is precipitated and hydrogen peroxide loft 
in solution. If bary ta-water is again added, the hydrate Ba02 ‘ 8H/) 
crystallizes out. 
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Barium chloride, BaCU *21120, is not hygroscopic like the 
chlorides of strontium and calcium. The nitrate crystallizes 
anhydrous. 

Barium sulphate, BaS04, is characterized by an exceedingly 
small solubility in water and acids; at 18.4° 1 part dissolves in 
429,700 parts H2O. It is used as a filler and as a pigment under 
the name of “ permanent white,^’ or hlanc fixe. Barium carbonate 
yields carbon dioxide only at very high temperatures, prolonged 
heating at 1450° being required for complete decomposition, 

SUMMARY OF THE GROUP OF THE ALKALINE EARTHS. 


The following small table summarizes the physical properties 
of the elements of this group: 



Be ] 

Mg 1 

' Ca 

Sr 

Ba 


9.1 

24,36 ! 

40.1 

87.6 

137.4 

Specific gravity 

1.64 

1.75 ^ 

1.58 

2.5 

3.75 

A tomic 

5.6 

13.8 

25.2 

34.9 

36.5 


white 

white 

white 







As to the specific gravity we observe that only in the cases of 
Ca, Sr and Ba is a steady increase noticeable. 

In respect to the chemical properties, it has already been 
remarked that these elements act only as bivalent; all compounds 
of the group therefore have the same formula type. In the solu- 
bility of the sulphates a gradual decrease is to be observed with 

rising atomic weight. ^ ^ 

Just as in the first group three elements K, Rb, Cs, exhibit a 
particular kinship, so here calcium,^ strontium and barium are 
closely related in their properties, while the two other members of 
tlie group are unlike them in many respects. Beryllium displays 
analogy with aluminium in certain points just as lithium does 
with magnesium. 

SPECTRUM ANALYSIS. 

263. If the light from an ordinary gas-flame or the Welsbach 
incandescent light is broken up by a pnsm, there is projected a 
.■ontinuous series of perfectly blended colors from red through 
vcllow, green and blue to violet. This phenomenon is called a 
speebnan, and, since it is unbroken, a continuous spectrum. We 
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have previously remarked that the luminosity of a gas-flame is due 
to incandescent solid particles of carbon. It has been found to 
be a general rule that incandescent solids give a continuous 
spectrum. 

With incandescent gases it is different. for instance, 
we split up the light from a Bunsen flame, in which salts of sodium, 
calcium or other metals arc volatilized, we see only a few narrow- 
bands of light in certain places, the rest of the spectrum being 
dark. This is termed a line spectrum. Every element has its 
own peculiar spectrum lines. If the spectrum of the incandescent 
vapors of a mixture of elements is carefully examined, it is found 
to contain all the characteristic lines of each element. Since it 
is only necessary to volatilize extremely small amounts of sub- 
stances in order to show their lines, it is readily seen how important 
the spectrum-analytical methods introduced by Bunsen and 
Kibchhoff must be. 

For the examination of spectra a number of instruments have 
been constructed, A^arying according to the particular object in 
view. For chemical analysis the apparatus of Vogel or that of 
John Browning is now very generally used. It is a small direct- 
vision spectroscope which gives a very bright spectrum and has a 
sufficient dispersion. At the end B (see Fig. 67) is the slit which 



Fig. 67 . 


can be made narrower or wider by turning the rim D. The small 
♦ mirror m serves to throw light through the hole P on to an 
iary prism, in order to compare the spectrum of the light which i5 
to be analyzed with that of a known source. At the left oul 
is the ocular through which the spectrum is seen. For further 
information text-books on physics should be consulted. 

In order to examine the spectra of metals it is necessar} to 
convert the latter into the form of vapor at a high temperalnio. 
There are different ways of doing this. One is to introduce Mift® 
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of the metals into a colorless flame by means of a platinum wire. 
The heat dissociates halogen salts and in the case of oxysalts 
converts them into oxides, which are reduced to the metallic 
condition by the hot gases of the flame. This method is very 
satisfactory for some elements, e.g. those of the alkali and alkaline 
earth groups, when there is plenty of material. In other cases a 
flame spectrum of this sort is not so good as a spark or an arc spec- 
trum, for with the latter it is possible to detect with accuracy 
extremely small amounts of a substance. Other advantages of the 
latter spectra are their greater light intensity, the greater con- 
venience in execution, and the like. Moreover, at the high tem- 
perature here prevailing most elements exhibit spectra which 
cannot be obtained with the gas-flame. 

A spark spectrum can be obtained in a very simple manner, 
thus: Into the bottom of a little glass cup 
(n, Fig. 68), about 15 mm. ^Yide is fused a platinum 
wire, which ends in a tube g containing mercury 
and is thus connected wdth the negative pole of an 
induction coil; it is incased in a conical capillary 
tube X, beyond which the wire projects about 0.5 mm. 

At the opposite end is the positive electrode in the 
form of a platinum wire, which, with the excep- 
tion of the short end d, is fused into a glass tube; 
the latter is fitted into the cork a, IE some of 
the salt solution is poured into the cup about half 
way up the negative electrode, the liquid is drawn 
up to the end of x by capillarity and every spark 
volatilizes a tiny portion. In this way there is 
no loss of material and the sparks are very uni- 
form, so that the observation of the spectrum can 
be continued at length. 

For the study of the spectra of substances 
gaseous at ordinary temperatures the P l i) c k e r-H i t t o r p 
(Geissler) tubes are used (Fig. 69). The gases are sealed up 
in them in a very dilute condition. On connecting one of these 
with the poles of an induction coil, the whole tube is illuminated 
most intensely in the narrow portion. This part is placed in front 
of the slit of the spectroscope. 

Some substances have the property of absorbing certain colors 
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and transmitting others. If the solution of such a substance is 
placed before the slit of a spectroscope and the light of a contin- 
uous spectrum allowed to pass through it, dark bands or lines are 
observed in the spectrum. A number of substances have very 
characteristic absorption spectra. 

264. The spectroscope is one of the most delicate means we 
have of detecting many substances. This is readily seen on con- 
sidering how small an amount of the substance under examina- 
tion is volatilized by the sparks. We arrive at numbers lilve 



Fig. 69. 

0.3X10“® mg. sodium, for instance, as the least amount that 
can be detected. It has thus been possible to discover elements 
which occur only in company with large amounts of others and 
would therefore have been very difficult to find in the ordinary 
way. Bunsen and Kirchhoff themselves found caesium and 
rubidium in this way in Diirkheim mineral water. In order to 
obtain these elements from it in the form of chlorides, it was 
necessary to evaporate 44,000 kg. w^ater, which yielded 16.5 g. of 
a mixture of the chlorides. Other very rare elements which were 
discovered by spectrum analysis are thallium, indium, gallium, 
ytterbium and scandium. 

The spectra of the elements differ widely in appearance; some, 
e.g. those of sodium, thallium and indium display only one dis- 
tinct line in the flame (see plate) ; others, such as those of barium, 
strontium, calcium, and especially iron, are very complex and 
consist of very numerous lines of varying intensity. Among these 
there are some which are easily recognized and have a character- 
istic position. Thus, for example, rubidium and csesiiim are most 
readily detected in spectroscopic work by means of their closely 
adjacent blue lines. 

265 . Attempts have been repeatedly made to find some connection 
between the 'positions of the different spectral lines of an element or between 
those of the different elements of the same group. 

Lecoq de Boisbattdran has called attention to the fact that the 
principal lines of the spectra of the alkali and alkaline earth metals 
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move towards the red end as the atomic weight increases. The blue 
lines of potassium are close to the ultra-violet portion; in rubidium 
and caesium they are nearer the red. There is also some similarity in 
the distribution of the lines; this is particularly true of certain groups, 
e.g. the alkalies. 

Balmer and also Kayser and Rukge have discovered numerical 
relations between the wave lengths of the lines of the same element, 
The first-named investigator found that the wave lengths of the hydro- 
gea lines are expressed with striking accuracy by the formula 


in which i is a constant (3647.20) and n stands for whole numbers from 
3 to 1 5. This result naturally excited a desire to investigate the spectra 
of other elements, in which work the two last-named scientists have been 
especially prominent. It was found that the relation between the lines 
cannot be expressed in such a simple way as for those of hydrogen. In 
the ilrst place it was necessary to employ a formula 


(w being again a whole number] which contains not merely one constant, 
does that of Balmer, but t h r e e (A, B and C), and even then it 
te not represent the wave length with the same accuracy as does 
Balmer^s formula for the hydrogen spectrum. Besides, it was im- 
possible to represent the spectrum of a metal by o n e such formu a, 
it being found necessary to divide the spectrum into smes, for each 
of which the particular values of A, B and C had to be calculated. ^ 

According to Rydberg a more generally applicable formula is 

Finally, it was also found that for the elements of several poups 
of Mbndblebfp's system the different series (each element havmg 
several) consist not of lines but of pairs (or tripets) o nes. 

The impetus to all such investigations is the hope that a know edge 
o! the Which govern the distribution ^ 

and the same substance, on the one hand, and the 
tribution from substance to substance, on t e o er an , 
some Ught on the nature and the kinetic condition of the atoms. 

266. With the aid of spectroscopy it has been porfje to to- 
mine what elements are present in the 
light from the latter is passed through a prism line am 

obtained and these lines correspond in position to those 
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trial elements. The composition of sunlight has been especially 
the object of a most extensive study. The spectrum of that body 
contains numerous black lines, known as Fraunhofer 
lines. Many of these correspond exactly to those of terrestrial 
substances. The fact that the lines in the solar spectrum are 
black is explained thus: The sun consists of a very hot central 
portion, which gives a continuous spectrum. This portton is sur- 
rounded by an atmosphere of incandescent vapors, whose tempera- 
ture is below that of the interior. In this stratum arc the ele- 
ments whose lines are really bright, but appear dark in the solar 
spectrum. The light of the central portion is partially absorbed 
in this atmosphere, the absorbed lines being those of exactly the 
same wave length as the waves emitted by the atmosphere itself. 
On account of the greater intensity of the light from the interior 
the lines of the atmosphere {“ reversing layer ”) appear dark on 
the light background. This phenomenon can be demonstrated in 
the following way: A little sodium chloride is introduced into a 
colorless gas-flame,* making it yellow. In the spectroscope a bright 
yellow line is observed. If, however, light with a’ higher tem- 
perature and a continuous spectrum, e.g. an electric arc is placed 
behind the sodium flame and the latter is then observed through 
the spectroscope, a continuous spectrum of the white-hot carbon is 
seen and in the place of the sodium line there is a dark line. That 
portion of thfe light of the electric arc which ht^ the wave length 
of the sodium line is completely absorbed by the sodium fame; 
the light intensity of the latter is, however, much lower, so that 
a dark line is formed on the bright background of the continuous 
spectrum. 

By comparing the Fraunhofer lines with the spectra of ter- 
restrial substances it has been found that the sun’s atmospliei'e 
contains chiefly Fe, Na, Mg, Ca, Cr, Ni, Ba, Cu, Zn and H (the latter 
in enormous quantity). Moreover, for over 1800 lines of the iron 
spectrum there are, found to be corresponding dark lines in the 
sun's spectrum. On the other hand, the solar spectrum displays 
countless lines which are not yet identified in terrestrial spectra. 

267. We are led to presume that many of the elements to which these 
lines are due 'will also be revealed on the earth by more careful research, 
especially when we consider what a small part of the earth is kncv'ri 
(see footnote, p. 8). This presumption has been strongly confirmed 
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by the discovery of heUum (p. 170). The principal line of the latter, 
D-so termed because of its proximity to the double Z)dine {D^D^) 
of sodiura-was observed in the spectra of many fixed stars as well 
as in that of the sun before the element itself was identified on the earth. 
Helium was thus discovered in the stars before it was on the earth. 
It is a striking fact that it occurs in exceedingly large quantities iu 
the fixed stars (according to spectrometric observations) while there 
is apparently only a very small amount of it on the earth. 

ZINC. 

268 . The most important zinc minerals are calamine 
(H 2 Zn 2 Si 05 ), smithsonite (ZriCOa), sphalerite, or blende, (ZnS) and 
various oxides. The principal localities are Silesia, England, 
Belgium, Poland and, more recently, certain districts in the United 
States. To obtain the metal the ores are roasted— the gas ( 802 ) 
from the sulphide ores is converted into sulphuric acid— yielding 
zinc oxide. This is mixed with coal and heated, forming carbon 
monoxide and zinc. The latter distils over and collects in the 
receiver together with a fine gray powder, zinc dust. This “ dust 
is a mixture' of zinc oxide and zinc powder and is frequently used 
in the laboratory as a vigorous reducing-agent. 

The metal is bluish-white and has a specific gravity of 
6.9-7.2. At ordinary temperatures it is brittle, but at 100-150'^ 
it becomes softer; it can their be beaten into plates. At the same 
time the specific gravity rises to 7.2 and the metal beeomes firmer. 
At 200"^ it again becomes brittle and can be easily pulverized. It 
melts at 433° and boils at 920°. The metallic vapor has a specific 
gravity of 33.8 (H = l); hence its molecular weight is 67.6. 
Since the atomic weight, as deduced from Dulong and Petit’s 
law, is 65.4, the molecule in the vaporous state can contain only 
one atom. The same is true of the related metals cadmium and 
mercury. Zinc is permanent in the air, since it becomes firmly 
coated with a protective layer of oxide. Zinc dust decomposes 
^■atcr. When heated to boiling in the air the metal burns to zinc 
o^ide, producing an intensely bright light. It is dissolved very 
easily by hydrochloric or sulphuric acid with the evolution of 
liydrogen; it is an interesting fact, however, that when a piece of 
absolutely pure zinc is placed in either of these acids no hydrogen 
generated. If this piece of zinc is brought in contact with a 
platinum wire, effervescence begins at once, not from the surface 
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of the zinc, however, but from that of the wire, and zinc goes into 
solution. Written in ions the process is 


Zn+2H‘«Zn‘*+2H, 

and its explanation is just the same as that given in § 203, for the 
formation of a “lead tree.'^ In this case also the zihc drives 
cations into the solution with great force, itself thus assuming a 
negative charge, with which hydrogen ions can be discharged. 
The only difference seems to be that these hydrogen ions discharge 
themselves at the platinum instead of at the zinc. However, this 
difference is not real, since in the case of the lead tree the fresh 
portions of lead are deposited on the outermost parts of at. The 
perfect analogy is made still clearer by a somewhat modified form 
of the experiment: 

When, on the one hand, a plate of amalgamated zinc and one 
of platinum are connected by a metallic wdre and dipped in dilute 
sulphuric acid (Fig. 70) hydrogen is evolved from the platinum 
plate and w^hen, on the other hand, a plate of amalgamated zinc 
and one of lead are similarly connected and dipped in a dilute solu- 
tion of lead nitrate (Fig. 71) lead crystals are deposited not on the 




zinc but on the lead. In both cases the negative charge of the zinc 
goes through the wire to the other plate, on which the ions of 
hydrogen, or lead, as the case may be, can discharge themselves. 

Metallic zinc — often called speller in commerce — has numerous 
uses. For instance, zinc plates are very extensively used for roof- 
ing. Iron is frequently coated with zinc to prevent rusting; if ^ 
then known as galvanized iron. Further, zinc is a constituent of 
many alloys, e.g. brass (§ 242). 
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269. Zinc oxide, ZnO, is usually prepared by igniting the basic 
carbonate. On being heated it turns yellow; on cooling, the 
original white color returns. It is employed as a pigment under 
the name zinc while, or Chinese white. 

Zinc hydroxide, Zn(OH) 2 , is precipitated by alkalies from the 
solution, of a zinc salt as a white gelatinous mass, soluble in the 
alkalies as well as ammonia; however, the reason is different in the 
two cases. In’ the presence of alkalies zinc hydroxide behaves as 
a weak acid; it forms Zn02^^ anions and the cations 2H*, which 
yield a salt Zn(OK )2 with the alkali in the ordinary way (§ 66). 
When treated with ammonia, however, a complex zinc-ammonia 
ion is formed, which is soluble. 

Zinc chloride, ZnCl 2 ? can be obtained by heating zinc in a cur- 
rent of chlorine or by dissolving zinc in hydrochloric acid and 
evaporating the solution. In the latter case some oxychloride is 
formed, however. Zinc chloride melts on heating and distils at 
680°, It is very hygroscopic and is often used for splitting off 
water from organic compounds. On adding zinc oxide to a con- 
centrated zinc chloride solution a soft mass is obtained, which soon 
becomes hard because of the formation of the basic chloride 

Zn<p,^. Ammonia unites with zinc chloride to form various 
compounds. 

Zinc sulphate, ZnS 04 - 7 H 20 , crystallizes in well-developed 
crystals, which are isomorphous with the analogous compounds 
MgS 04 - 7 H 20 , FeS 04 - 7 H 20 , etc. It is prepared commercially by 
carefully roasting zinc blende. 

Zinc sulphide, ZnS, is completely precipitated by hydrogen 
sulphide from solutions of its salts to which sodium acetate has 
been added to neutralize the acid set free from the zinc salt. In 
the absence of sodium acetate it is still partially precipitated, even 
from solutions of the neutral salts of strong acids. 

This is not the case with the salts of the other metals belonging to 
the same analytical group as zinc, e.g. with the ferrous and manganese 
saUs. The difference is due to the greater insolubility of zinc sulphide. 
When hydrogen sulphide is passed into a zinc solution, which contains 
of course Zn-ions and acid anions, HjS-molecules and H- and S-ions 
We introduced into the liquid so that we have side by side the ions: 

Zn'‘+SO/'+2H*+S''. 
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Especially if the zinc solution is concentrated, the solubility product 
of the Zii- and S-ions is soon reached, so that ZnS must be deposited 
This action, however, will soon reach a limit, on account of the H-ions, 
which stay in the solution and almost completely suppress the ioniza- 
tion of the hydrogen sulphide molecules still present. By the addition 
of an excess of sodium acetate, however, these free H-ions are enabled 
to combine with the acetic anions, and this combination will be almost 
complete if an excess of the latter ions is present. The concentration 
of the H-ions thus becomes so slight that the zinc sulphide must all 
be deposited. If, however, the solubility product of the sulphide is 
not so small, as in the case of ferrous and manganese sulphides, the 
slight ionization of the hydrogen sulphide renders it impossible for the 
solubility product to be reached, or, in other words, the sulphides will 
not be precipitated. Zinc, by reason of the solubility oi its sulpliide, 
thus assumes an intermediate position between the metals that are 
not precipitated by hydrogen sulphide and those that are. The solii- 
bility of the sulphides must decrease in the series FeS . . . ZnS . . . CuS. 
There is no sharp difference between these two analytical groups but 
rather a gradual transition from one to the other. 


CADMIUM. 

270 . Cadmium is very frequently found in zinc ores. Being 
more volatile than zinc, it distils over first in the extraction of 
such ores. It is obtained pure by repeated distillation or by con- 
version into the sulphide, which is insoluble in dilute acids and 
can therefore be easily separated from zinc sulphide. 

Cadmium is a white, rather soft metal; sp. g., 8 . 6 ; m.-ph, 
315°; b.-pt., 778°. It is unaffected by the air but burns on heat- 
ing, forming a brown cloud of oxide. It is difficultly soluldc in 
dilute hydrochloric and sulphuric acids, but readily soluble in 
dilute nitric acid. The cadmium molecule in the gaseous stale 
contains only one atom. 

Cadimum oxide, CdO, is obtained as stated above and also by 
heating the carbonate or hydroxide. It is an amorphous hm^ 
powder. Cadmium hydroxide, Cd(QH)2, is insoluble in caustic 
potash or caustic soda but soluble in ammonia, on account of d'® 
formation of a complex ion. Cadmium chloride, CdCl 2 , crystallize^ 
with two molecules of wat^r and, unlike zinc chloride, can be dric 
without decomposition. Cadmium sulphide, CdS, is charactcJi^^Q 
by a bright yellpw color (it is used as a pigment). It is insolube 
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in acids. The siilphate, 'CdS04, usually crystallizes out of its 
aqueous solution as 3CdS04'8H20. There is also a salt 
CdS04 -71120; which is analogous in composition to the sulphates 
of magnesium, zinc, iron, etc. 

MERCURY (Quicksilver). 

271. Mercury is the only metal that is liquid under ordinary 
conditions. It occurs in nature ini cinnabar, HgS, and also native. 
The chiqf localities are Almaden in Spain, Idria in Illyria, Mexico, 
Peru, California, China and Japan. 

To obtain mercury from cinnabar the 
latter is roasted in furnaces, sulphvir 
dioxide and mercury being formed. 

The mercury vapor is condensed either 
in large chambers or in peculiarly shaped 
earthen retorts, or pipes, called aludels. 

It is brought on the market in iron 
flasks. 

The commercial product is not pure, 
containing more or less of other metals in 
solution (e.g. lead, copper, etc.). Such 
impurities can be readily detected by the 
fact that they make the mercury adhere to a 
‘glass vessel. A suitable process of purifica- 
tion consists in letting it fall in fine drops 
llirough a long column of nitric acid 
(sp. g., 1.1), as in Fig. 72. The foreign 
metals are thus completely dissolved, 

'while almost no mercury is lost by solution, 
because these foreign metals precipitate 
mercury from its salt solutions. After 
heing washed with water the metal is 
(hied and, if absolute purity is desired, it 
h then distilled in vacuo. But a vacuum 
distillation of itself is insufficient, for some 

lead goes over with it. Fia. 72.-;;PtiRiFi cation oj 

° Mercury. 

Physical Properties . — ^Mercury solidi- 
lies at - 39.4“ and boils at 360°. Even at ordinary temperatures 
't is somewhat volatile, especially under reduced pressure; when 
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gold leaf is suspended in a bottle over mercury, for instance, it 
eventually becomes white. The metal has a specific gravity of 
13.595 at 0°. The vapor density is 99.36 for H = l; hence the 
molecule weighs 198.72. This number also represents the atomic 
weight, as has been found from molecular weight determinations 
of many volatile mercury compounds. 

Amalgams.— Many metals have the property of dissolving in 
mercury or forming compounds with it. These metal solution.^ 
or compounds are called “amalgams.^’ Besides by the direct 
contact m the tAvo metals they can sometimes also be obtained 
by allowing mercury to act on the solutions of metal salts, e.g. 
silver amalgam can thus be prepared. Some metals, such as tin, 
dissolve in mercury Avith heat absorption; others like potas.^iiim 
and sodium with great heat evolution and vigorous action, If a 
great excess of mercury is used, the amalgams are liquid, other- 
Avise solid. Sodium amalgam is exceedingly firm wdien it contains 
more than three per cent, of sodium. 

Chemical Properties. —At ordinary temperatures the metal is 
not affected by the air; at higher temperatures it takes up oxygen 
to form the oxide HgO, which, however, splits up again into its 
eleoieiits on further heating. Dilute hydrocliloric and sulphuric 
acids do not attack it at ordinary temperatures and dilute nitric 
acid acts only in the presence of nitrogen dioxide (see § 127). 
Wercury unites instantaneously with the halogens and sulphur. 

Mercury forms two sets of .salts, ous and ic, the former being 
derived from mercurous oxide, Hg20, and the latter from mereme 
oxide, HgO. 

Mercurous Compounds. 

272, Mercurous oxide, Hg20, is dark brown. It is preeipitalcd 
from the solution of a mercurous salt by caustic soda. It decom- 
poses at as low^ a temperature as 100*^ or in the light, yielding 
mercuric oxide, HgO, and mercury. 

Mercurous chloride, Hg2Cl2, calomel, can be prepared in the 
wet way by precipitating a dissolved mercurous compound with a 
chloride, or in the diy ww by subliming a mixture of mercunc 
chloride and mercury. It is a white powder, insoluble in water, 
but turns dark in the light on account of the separation of metal- 
lic mercury. Ammonia blackens it by forming a mixture of 
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mercuric ammonium chloride, NH 2 HgCl, and finely divided mer- 
cury: 

2HgCl + 2 NH 3 =H 2 NIIgCl + NH 4 CI + Hg. 

Calomel is frequently used as a medicament. 

The vapor density of calomel has been found to be 117.6 (H«=l), 
which corresponds to the molecular formula HgCl When calomel 
evaporates, however, a dissociation into HgClj and Hg occurs; these 
products unite again on cooling, but they can be previously separated 
by diffusion. It is for the above reason that the vapor density was found 
to be half the amount calculated for HgjCh; hence the correct formula 
of calomel is Hg^Cla- 

Here also Baker noted the influence of traces of water (c/. p. 327). 
According to his investigations thoroughly dried mercurous chloride 
does not dissociate on volatilizing and gives a vapor density which 
corresponds to the formula HgjClj. 

Mercurous bromide and iodide are even less soluble than the 
chloride. The solubility decreases, as in the case of silver, with 
an increase in the atomic weight of the halogen. 

Mercurous nitrate, HgNOs, is formed when cold dilute nitric 
acid acts on an excess of mercury. It is hydrolyzed by water, 

a yellow basic salt Hg2<^Q^ being deposited. It therefore 

dissolves without decomposition only in dilute nitric acid. The 
mercurous ion is evidently only very feebly basic. A solution 
of mercurous nitrate is slowly oxidized the oxygen of the air to 
the mercuric salt, but the addition of a little mercury reconverts 
it into the lower form. 


Mercuric Compounds. 

273. Mercuric oxide, HgO, is red and crystallized when pre- 
pared by heating mercur}^ or mercury nitrate, but yellow and 
amorphous when precipitated from solutions by a hydroxide of 
potassium or sodium. The difference betw^een these forms seems 
to be due only to a difference in the coarseness of their grains. 
Mercuric oxide turns black on heating and red on cooling. 

Mercuric chloride, HgCl2> corrosive suhlirmtej is manufactured 
On a large scale by heating a mixture of common salt and mercuric 
sulphatoj it sublimes over, whence its name. At room tempera- 
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ture 1 part HgCl 2 dissolves in 15 parts H 2 O. It is more soluble 
in alcphol. The acid reaction of its aqueous solution indicates 
hydrolytic dissociation; if sodium chloride or potassium chloride 
is added to the liquid, the reaction becomes neutral because of the 
formation of a double salt HgCl 2 • KCl - H 2 O. This is more soluble 
in water than sublimate itself. 

Mercuric iodide, Hgl 2 ; is yellow when it is first precipitated 
from the solution of a mercuric salt by potassium iodide, but it 
soon becomes red. If this modification is heated, it passes over 
into a yellow form at 150®, the original red color returning on 
cooling, however. There is evidently a transition point here. 

A similar transition point is shown by the double salt Cu2l2-2Ilgl2, 
which changes its color from red to brown at a temperature below 100“; 
it also displays the peculiarity that the transition proceeds very fast 
in both directions, whereas most such processes are very slow. For 
this reason it has been suggested that the ends of the axles of railway 
cars be coated with this substance so as to show when they become 
overheated. 

Mercuric iodide dissolves readily in potassium iodide solution. 
Nesslek’s solution, a very valuable reagent in testing for 
ammonia, is made, by mixing the above mercuric iodide solution 
with caustic potash. It should be noted, however, that many 
organic nitrogen compounds give much the same coloration as 
ammonia with Nessler's solution. 

Mercuric cyanide, Hg(CN) 2 , is obtained by boiling Prussian 
blue with mercuric oxide. It crystallizes in fine large colorless 
crystals. 

274. The mercuric halides, in contrast to the other salts of the mer- 
curic ion, are only slightly ionized in aqueous solution. For this reason 
they exhibit some peculiar reactions. On mixing a mercuric solution 
with one of a chloride, for instance, considerable heat is given off bet'ause 
undissociated HgClj molecules are formed, while the mixture of solu- 
tions ordinarily obeys the law of thermoneutrality (§ 238 , 2 ), — Again, 
if mercuric oxide is shaken with a solution of chloride, bromide, or 
iodide of potassium, the liquid becomes strongly alkaline because of 
the liberation of potassium hydroxide. This is due partly to the slight 
ionization, of the mercury halides and partly to the combination of 
the latter with the excess of alkali halide to form very stable alkali 



274 .] 


MERCURIC COMPOUNDS, 


397 


mercuric halides. The stability of these complex compounds 
increases with rising atomic weight of the halogen. — The same cause 
explains the reverse fact, viz., that the halogen compounds of mercury 
are only with difficulty decomposed by alkah^. In order to precipi- 
tate all the mercury from mercuric chloride a large excess of potassium 
hydroxide must be employed; mercuric iodide and mercuric cyanide 
cannot be decomposed by potassium hydroxide alone. Mercuric cyanide 
is so little ionized that its conductivity can hardly be measured; hence 
it does not give any of tl^e ordinary mercury reactions, except the forma- 
tion of the sulphide (since the latter is so very insoluble). This cyanide 
can be regarded as a type of compounds rendered inactive because of 
non-ionization. 

This low ionization also explains the formation of mercuric cyanide 
according to the method mentioned above. When mercuric ions and 
cyanide ions are brought together, even in extremely dilute solution, 
tliey must unite to form Hg(CN)2 molecules. The union of these ions 
]iecessitates the sending of more of them into solution by the mercuric 
oxide and Prussian blue, and so the process goes on until the formation 
of mercuric cyanide and ferric oxide, Fe203, is complete. 

The mercuric halides (especially corrosive sublimate) are very strong 
antiseptics. It is an interesting fact that in this respect also, they 
become more effective as their ionization increases. The chloride is a 
more ^w'erful antiseptic than the cyanide. The addition of metal 
chlorides diminishes the ionization of sublimate and at the same time 
reduces its disinfecting ability. 

The reason why the mercuric chloride for use in sublimate tablets is 
nevertheless mixed with an excess of common salt is partly that the sub- 
limate is thus dissolved more rapidly and also because such solutions 
keep longer than those of the pure sublimate, especially when prepared 
with well-water. 

Mercuric nitrate, IIg(N03)2, forms basic salts very readily; on 
diluting its solution in nitric acid with water there is deposited a 
compound Hg(N03)2-2Hg0-Il20, wffiich is converted into pure 
mercuric oxide by boiling with water. This show's that the bivalent 
mercuric ion, also is very feebly basic. 

Mercuric sulphate is not soluble in water but is converted by 
the latter into a basic salt. In the presence of much water the 
yellow compound, HgS04-2Hg0, is formed. With the sulphates of 
the alkalies it forms double salts, e.g. HgSO^- 1x2^04-01130, which 
are isomorphous with the corresponding double salts of magnesium 
(§ 255); iron, etc. 
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Mercuric sulphide, HgS, is black when precipitated from solu- 
tion; on being heated in the absence of air it sublimes in dark-red 
crj’stals, which are similar to natural cinnabar and are used as a 
pigment {vermilion). 

SmLMAUy OF TEE GROUP, 


275. Here again a gradual change in the. physical properties Is 
to be seen as the atomic weight rises. The following small table 
presents a few of the constants: 



Be 

Mg 

Zn 

‘ Cd , 

Hg 

Atomic weight. . . . . . . 

Specific gravity j 

Melting-point. , j 

Poiling-point | 

Atoms in molecule .... 

9.1 

1.64 

>900° 

24.36 

1.75 

>700° 

>Zn 

65.4 

6.9 1 

412° 1 

1 920° 1 

1 

112.4 

8.6 

320° : 

778° ' 

1 

200,0 

13.0 

-39.4° 

360° 

1 


In respect to chemical properties it should be noted that all 
of these elements are bivalent, except that niercuiy can be con- 
sidered as univalent in its ous-com pounds. Their sulphates unite 
with those of the alkalies to form double salts of the same type, 
RS04*R2^S04‘6H20 (R' = K, Na, NH4); the beryllium double salt 
alone crystallizes with 3H2O. The hydroxides of this group are 
soluble in ammonia with the formation of complex ions, or else they 
yield insoluble metal-ammonia compounds (Hg). 

The neutral salts have a tendency to go over into basic salts. 
This is especially marked in mercurj^; in the case of cadmium it 
is, strange to say, very weak. 

With the halogen compounds of the three related metals Zn, 
Cd and Hg the electrolytic dissociation is small; it decreases as 
the atomic weight of the metal rises and is very slight in the case 
of mercury. 


ELECTROCHEMISTRY, 

276, As early as the beginnmg of the nineteenth century, when 
Bavt isolated the alkali metals by means of the electric current 
(§§ 223 and 227 ), there was known to be an intimate relation 
between electrical and chemical phei^mena. Berzelius even 



*276] 


ELECTROCHEMISTRY. 


399 


went so far as to suppose that affinity could be perfectly explained 
by assuming that the atoms are electrically charged and that these 
charges are the attractive or repellent forces. The galvanic element 
has been for a long time a familiar means of converting chemical 
energy into electrical energy. However, it was not until 1889 that 
a theoretical explanation of the connection between chemical and 
electrical phenomena was offered; this explanation by Xernst is 
not only a very satisfactory one, but it also affords an insight into 
numerous chemical phenomena. The key to the explanation is 
the concept of “electrolytic solution tension,” which has already 
been referred to in a few instances (§§ 203 and 268). 

When a metal “comes in contact with the aqueous solution of 
one of its salts a difference in potential develops between the two. 

3 his phenomenon is explained by Neknst ais follows: Just as 
a liquid continues to evaporate at its surface until the pressure of 
the vapor becomes equal to the vapor tension of the liquid, so a 
salt must continue to dissolve in water (evaporation and solution 
l)cing analogous processes) until the osmotic pressure of its solu- 
tion balances the solution tension of the salt. Now, according to 
Xerxst, every metal also has a certain tendency, dependent only 
on its chemical nature, to force its atoms into solution as ions. 
This force, called the electrolytic solution tension, comes into action 
when the metal is immersed in an electrolyte and its strength is the 
loss, the more cations of the metal are already in the solution. The 
amount of cations sent into the solution is very small, as experi- 
ment shows,— so much so that it cannot be determined by the 
usual chemical means. The cause of this is not that the solution 
tension is low, — on the contrary, the latter Is often very large — 
luit that an equilibrium is very soon reached, because, notwith- 
standing the low concentration of the ions, they carry a very 
high electrical charge and the negatively charged metal soon 
attracts its positive ions in the solution with such force that just 
as many ions are precipitated on the metal as are sent out into the 
solution. If P represents the solution tension of a metal and p 
the osmotic pressure of the cations in the solution, there are three 
possibifities . to be distinguished: 

(1) P>p. The metal then behaves like a salt in contact 
with its own unsaturated solution. It forces cations into the solu- 
tion of the electrolyte, so that the solution becomes positively 
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charged and the metal has to take on a negative charge. An 
equilibrium is soon established. However, if the free positive and 
negative electricities acquired by the electrolyte and the metal are 
conducted away by a connecting wire the metal will agam send 
cations into the solution, and this action will continue till p reaches 
the value of P. 

(2) P=p. There can be no potential difference. 

(3) P<p. In this case the metal corresponds to a salt intro- 
duced mto its supersaturated solution. Cations are now deposited 
on the metal and charge it positively, the electrolyte becoming 
negative. Here also a state of equilibrium must soon arise since 
the negatively charged electrolyte tends in turn to draw the posi- 
tive metal ions back into solution. 

The relation between the potential difference E and the mag- 
nitudes P and p, is expressed by Nernst with the equation: 



n 



( 1 ) 


in which R is the gas constant, T the absolute temperature, n the 
valence of the metal ions and loge the natural logarithm. 

If for R in this equation the value is substituted which was 
calculated in § 34, is not obtained in volts, since electrical magni- 
tudes are measured in other units than those there employed. In 
this case we must introduce for R the value 0.860X10“^. If 
Briogs’ logarithms are to be used, the modulus 2.3025 must also 
be included. The value of E in volts then becomes: 


or 


0.S60X10'^X2.3025T log- 

E=.. IP 




P 

v' 


From this equation it is seen that E increases anthmetically when 
p decreases geometrically. For example, if the ionic concentration 

IS reduced to one-tenth, E only increases by — XlO"^ volt. It is 

thus seen that the potential difference is not much affected by 
changes in the concentration of the electrolyte, even though they 
be quite large. 
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On bringing together two different metals and their salt solu- 
tions an element, or cell, of the Daniell type is obtained (copper 
in copper sulphate and zinc in zinc sulphate, the two pairs separated 
by a porous partition). The electromotive force of such a cell is 
found from the difference of the two values of E, i.e, 



when both metals have the valence n. 

In such a cell with closed circuit there are differences of potential not 
only between metal and solution but also between the two liquids and 
between the two metals. Experience has shown, however, that both 
of the latter arc very small in comparison to the former, so that they 
may be disregarded. 

Leaving the solution tensions Pi and P 2 out of consideration, 
E therefore depends on the values of the osmotic pressure pi and 
P 2 of the mctal-ions. If p2 can be made extremely small, so that 
P P? 

logc — < logfi — , E becomes negative, i.e. the current must alter 

Pi P2 

its direction. This can be demonstrated as follows: 

In a Daniell cell, in which the osmotic pressure of the zinc 
ions (pi) is seldom very different from that of the copper ions 
(P2), the current goes from the copper through the connecting 
wire to the zinc, for the solution tension (Pi) of the zinc is much 
larger than that (P 2 ) of the copper (see below). Now the con- 
centration of the copper ions can be made several powers of ten 
smaller by adding potassium cyanide to the copper sulphate solu- 
tion, for by this means the very slightly ionized complex (Cu 2 Cy 4 )^' 
is formed (§ 243). This addition actually reverses the direction 
of the current. Neither the precipitation of the copper by pota»s- 
sium hydroxide nor the precipitation by ammonium sulphide 
reduces the concentration of the copper ions enough to produce 
this effect. 

Since equation (2) can also be written 



and, when p 2 “Pij f'he last expression becomes zero, it is apparent 
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that the electromotive force of a Daniell cell is mainly determined 
by the ratio of the solution tensions of the metals. A galvanic 
cell can he regarded as a machine driven by ike electrolytic solution 
iensions oj the metals. 

The introduction of this conception of solution tension and the 
ideas connected with it has led to an altogether clearer understand- 
ing of the chemical processes of galvanic cells, as well as of the 
way in which the current is generated in them. 

Galvanic cells may be divided into two classes, reversible and 
non-reversible. The Daniell belongs to the first class. It pro- 
duces a current because the solution tension of the zinc exceeds 
that of the copper. The zinc sends its positively charged ions 
into the sulphate solution and itself becomes negative. On the 
other hand, the copper ions, on passing over into atoms and pre- 
cipitating themselves on the copper plate, transfer their positive 
charges to the latter, which thus becomes the positive pole. 
Chemically the process amounts to the simultaneous solution of 
zinc and precipitation of copper: 

CuS 04 +Zn=Cu-l-ZnS 04 , or in ions: Cu‘' + Zn=Cu+Zn‘*. 

If a current is sent through the Daniell cell in the opposite 
direction, ions will enter into solution at the copper plate because 
the latter acquires a positive charge, and the zinc ions will be 
forced to deposit themselves on the zinc, 
for the reverse current charges the zinc 
negatively so that it attracts the zinc 
ions. It is therefore possible by passing 
a reverse current through the ceil to re- 
store it to its original condition,— hence 
the term '^reversible.” 

One of the most important styles 
of reversible batteries is the accumu- 
lator, or storage-battery (Fig, 73). This 
consists of a glass jar in which lead 

Fio. TS.-Accumolator, suspended so that they dip into 

dilute sulphuric acid. These plates are 
coated alternately with lead peroxide (positive) and lead sulphate 
(negative). The positive plates are all connected with each 
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other, as are also the negative ones. (From a large number of 
such cells a battery is constructed by connecting the positive pole 
of each cell with the negative pole of the adjoining one.) If 
a current is passed through the system so that it enters at the 
lead peroxide plate and goes through the sulphuric acid to the 
other plate, lead peroxide collects on the positive plate, while on 
the other, the cathode plate, the lead sulphate is converted into 
spongy lead. By this process the accumulator is charged. There- 
upon, if the poles arc connected (by a wire), the opposite process 
goes on; the lead peroxide is reduced at the one plate and the 
spongy lead is converted into lead sulphate at the other. During 
the discharge the peroxide plate is again positive, the lead plate 
negative. The chemical process in the accumulator cell is there- 
fore expressed by 

PbOg + Pb +2H2S04p^2PbS04 -f 2 H 2 O. 

The generation of the current has been explained in various 
ways. One is as follows: The lead peroxide on the anode plate has 
a certain solution tension, and hence goes into solution as nega- 
tively charged Pb02^^ ions. Thereby it of course imparts to the 
plate istelf a numerically equivalent positive charge. These 
bivalent Pb02'' ions encounter positively charged Pb" ions at the 
cathode plate, which are being sent by it into the solution; the 
cathode plate charges itself negatively at the same time. The two 
sorts of ions now combine to form electrically neutral PbO mole- 
cules, which yield lead sulphate with the sulphuric acid present: 

Pb02''+Pb-‘ =2PbO; 2PbO*f 2H2S04=2PbS04‘i-2H20. 

Among the non-reversible cells are the Bunsen and 
the LECLANCHfe. A reverse current does not restore these to 
their original condition and their electromotive forces E cannot be 
calculated by the above formula; nevertheless the general prin- 
ciples of the pressure theory can be applied to explain the produc- 
tion of the galvanic current in these cells. 

The arrangement of the Bunsen cell — an amalgamated zinc 
l^late dipped in sulphuric acid and a carbon cylinder in nitric or 
chromic acid— is well known. From an electrochemical stand- 
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point the generation of hydrogen from zinc and sulphuric acid 
amounts to a transfer of the charges of the hydrogen ions of the 
dilute acid to the zinc atoms and an escape of hydrogen hi’ the 
form of discharged molecules. In the Bunsen cell, however, 
most of the hydrogen ions find an opportunity to give up their 
positive charges to the carbon cylinder and exercise a reducing 
action on the nitric or chromic acid. On the other hand the zinc 
plate sends positively charged zinc ions into the solution to the 
same extent as hydrogen ions disappear, the zinc plate itself 
acquiring a negative charge. 

The Lecu\nche cell consists of a zinc bar in concentrated 
ammonium chloride solution and a porous earthenware cylinder 
immersed in the same solution and containing some manganese 
peroxide and a stick of carbon for conducting off the current. 
Here again the zinc goes into solution: 

Zn + 2NH4CI = ZnCla • 2NH3 + Hg. 

The hydrogen ions discharge themselves at the carbon and reduce 
the peroxide. In this case also the carbon is the positive, the zinc 
the negative, pole. 

277. Just as in galvanic cells chemical energy is transformed 
into electrical energy, so reactions between ions in general can 
produce an electric current if the conditions are suitable. A 
few examples of this may be 
cited. 

For these experiments a cell 
devised by Lupke is very satisfac- 
tory (Fig. 74). It consists of 
two glass vessels Zi and Z2, to the 
bottoms of which the platinum 
electrodes hi and /cg attached. 
The vessels are connected by 
means of the ‘wide siphon /h 
The wires A and K lead to a gal- 
vanoscope. To show that elec- 
trical energy can be obtained by 
the oxidation of the stannous (0 
the stannic chlonde an acidu- 
lated stannous chloride solution (11.2 : 100) is introduced into Zi 
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and an acidulated normal sodium chloride solution into Z 2 ; the 
siphon also is filled with the latter solution. As soon as a few drops 
of chlorine-water or a solution of auric or mercuric chloride are 
allowed to fall from a pipette upon the electrode {k^) in the salt 
solution, the galvanoscope indicates a current in the wire circuit 
from K to A. Now, in order that the bivalent ion Sn“ may become 
(piadrivalent (Sn'"') it must acquire two more positive charges and 
this requires the addition of two chlorine ions. These are at once 
supplied by the mercuric or auric chloride. The metallic ions 
(Ilg" or Au"') are deposited on k 2 and impart to the latter a posi- 
tive charge, which, if conducted by means of the wire circuit 
K, is at the disposal of the Sn" ions. If free chlorine is added, it 
s|)lits up into ions, as a result of which positive electricity is imparted 
to k 2 and this flows through the wire circuit back to ki and raises 
the potential of the Sri" ions. 

The precipitation of silver chloride, according to the equation 


NaCl + AgNOa = AgCl + NaNOg, 

can be made lo produce an electromotive effect by laying a polished 
piece of sheet silver on each platinum electrode of the above ap- 
paratus and filling Zi with sodium chloride solution and Z 2 , as 
well as the siphon, with an equimolecnlar sodium nitrate solution. 
As soon as a crystal of silver nitrate is placed on the electrode k 2 
(in the nitrate solution) a current is detected. Previous to the 
introduction of the silver nitrate crystal both pieces of silver, 
because of their solution tensions, drive equal amounts of silver ions 
into solution, but equilibrium is very soon reached (§ 276). The 
crystal, however, has caused the formation, around the electrode 
^ 2 ) of a concentrated silver solution, whose osmotic pressure far 
exceeds the solution tension of the metal. As a result silver ions 
are thereupon deposited on k 2 , and this electrode becomes positively 
cliarged; this charge passes through the wire circuit to ki. The 
result of this is the sending of more silver ions into the salt solu- 
tion around Ifei, but their concentration very soon becomes so great 
that the solubility product of silver chloride is exceeded and the 
latter is precipitated on the silver plate in 

The fact that electrical energy can be obtained by the neutral- 
ization of sulphuric acid is capable of demonstjration with the 
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same apparatus. To this end a ^normal sulphuric acid is intro- 
duced into ^2 and a ^-normal potassium sulphate solution into 
and the siphon. If a large piece of palladium foil (about 4 sq. cm.) 
that has been saturated electro lytically with hydrogen is placed 
on the platinum disk of the electrode ki and touched for a few 
moments with a stick of caustic potash, bubbles of hydrogen 
will rise from the platinum plate of the other electrode k 2 and 
the needle of the galvanoscope will indicate the passage of a power- 
ful current outward from ^ 2 - The hydrogen of the palladium 
foil sends positive ions into the solution, which, however, forth- 
with unite with the OH-ions of the potassium hydroxide to form 
neutral water. By the emission of these positive ions ki acquires 
a negative potential, which flows out through the external circuit 
to k 2 . The hydrogen ions of the sulphuric acid surrounding this 
electrode are thus afforded an opportunity of discharging them- 
selves against this negative charge so that hydrogen is given off in 
the free state. 

In the combination of chlorine (or oxygen) and hydrogen 
chemical energy can also be transformed fnto electricity. To 
accomplish this, two tubes sealed at the top and fitted there with 
platinum electrodes, reaching almost to the open end of the tubes, 
are filled, one with hydrogen and the other with chlorine (oxygen) 
and inverted in dilute sulphuric acid. On connecting the electrodes 
by a wire a strong current traverses the circuit. The gases ab- 
sorbed in the platinum electrodes drive their ions into the sur- 
rounding liquid, making the H-electrode negative and the C1(0)- 
electrode positive. The ions of hydrogen and chlorine dissolve 
in the dilute sulphuric acid, however. This apparatus is called 
Grove’s gas battery and was known long before a satisfac- 
tory explanation of it could be given. 

In conclusion we may cite a case where a current is obtained 
by the partial discharge of ions. If a piece of sheet iron is intro- 
duced into a sodium chloride solution from above and a similar 
piece of platinum is laid on the bottom of the vessel, a galvanoscope 
inserted in the circuit between the metals shows no current; but 
if the platinum at the bottom is surrounded with ferric ions by drop" 
ping in a little solid ferric chloride, a current is immediately formed. 
The ferric ions send through the wire one-third of their (posit ^^'c) 
charge to the iron plate and this enables the iron to keep on send- 
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ing ferrous ions into the liquid until all the ferric chloride added 
has been converted into ferrous chloride. 

It is characteristic of all these various cells that the Teacting 
svhstaTices are apart from eaCh other. In the oxidation of stan- 
nous chloride by mercuric- chloride the latter was not put in the 
vessel with the stannous chloride but in the other vessel; in the 
precipitation of silver chloride the silver nitrate was not put with the 
sodium chloride solution but with the sodium nitrate solution, and 
so on. The reaction took place only because one sort of ions 
transferred their electrification wholly or in part through the wire 
circuit to the other electrode, where it either converted atoms into 
ions or raised existing ions to a higher potential or, possibly, changed 
ions of opposite potential sign to neutral atoms. 

Since we know that chemical reactions can under suitable con- 
ditions produce an electric current, we can, conversely, regard the 
existence of such a current as an indication of the occurrence of 
a chemical reaction. Cohen has made use of this fact in deter- 
mining electrically the transition points of hydrous salts and other 
systems. Let us take, for example, a salt which loses its water 
of crystallization at a definite temperature, e.g. Glauber’s salt, 
Na2S04 -101120; this has a transition point at about 33 °, where 
the anhydrous salt becomes capable of permanent existence. 
Now it is possible for the anhydrous salt to remain in contact 
with its saturated solution in an unstable condition after the system . 
has been cooled a few degrees below 33 °; the reverse is also true of 
the hydrous salt. Since these solutions are in contact with different 
solid phases (one with Na2S04 *101120 and the other with Na2S04) 
they do not have the same concentration; at the transition point, 
however, these concentrations become equal, for since both solid 
phases are in contact with the solution in each case, the solubility 
becomes the same. In his electrical method Cohen uses the 
difference in concentration of the solutions which are saturated 
in respect to the two solid phases to form a galvanic cell. This 
can be done as follows: In the bottom of each of the cylinders 
A and B (Pig. 75 ) there is a little mercury. A platinum wire is 
fused into each cylinder and the two are connected by means of a 
metallic wire. On top of the mercflry is some insoluble mercurous 
sulphate; above this in A is a paste of Na2SO4‘10H2O and water, 
in 5 is a similar mixture of water and Na2S04‘ Below the transi- 
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tion point the solution in 5 is in the unstable condition and more 
concentrated than that in Aj which is stable. The result is that 
sodium ions diffuse through the siphon from the concentrated to 
the dilute solution, while at the same time an equivalent amount 
of S04-ions in B combines with part of the mercury to form 
mercurous sulphate, the negative charge of the sulphate ions being 
transferred to the remaining mercury. Thus an electric current 
is produced which passes through tlie wire circuit from the dilute 
to the concentrated solution. Its direction and intensity can 
be determined by inserting a galvanometer in the cheuit. 

Now, suppose that the ^Yhole apparatus is gradually warmed; 
the concentrations in A and B will approach each other as the 
tem])orature nears the transition point and at this point they will 
become equal The intensity of the current wall therefore decrease 
steadily till the transition point is reached, when it is zero. If 
the temperature is raised still higher tlie solution in A will become 
unstable and more concentrated than that in 5, which latter will 



Fig. 75 . 

then be the stable solution; as a result the direction of the current 
will be reversed. ■ In this way it is possible to determine Hi© 
transition point very accurately. 

278. As was remarked in § 276, the electromotive force wMcb 
can be obtained from chemical reactions depends in large measiue 
on the solution tensions of the metals. A knowledge of the latter 
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is therefore of very great importance. It can be acquired with 
the aid of the equation previously given: 

9T P 

= 10-4.^ log-. 
n f 

E, the difference of potential between a metal and the aqueous 
solution of one of its salts can be measured. All the other quan- 
tities of this equation are known with the exception of f , which 
can therefore be calculated, as is illustrated in the following ex- 
ample: 

The potential difference between magnesium and the normal 
solution {7 mole per liter) of its sulphate was determined to be 
1.22 volts. The equation thus becomes: 

1 . 22 = 10 -'‘nog-, 

p’ 

since for magnesium n = 2. p is the osmotic pressure of the ^Ig- 
ions. On the assumption that the salt is entirely split up into ions, 
p is 22.4 Atm., for, osmotic pressure being equal to gas pressure, 1 
mole gas at 0“^ and 760 mm. occupies a volume of 22.4 liters (§ 34); 
hence, if the volume is a liter, the pressure becomes 22.4 Atm. 
Therefore, at 0° we have: 

1.22^10-4x273(logP-log22.4), 
or log 43.23, whence w^e have, approximately, 

The following brief table indicates some of the results for different 
metals : 


Metal. 

Valence. 

Solution Ten- 
sion in 

Atmospheres. 

Magnesium 

2 

10« 

Zinc 

2 

10^3 

Aluminium 

3 

10 

Cadmium 

2 

10' 

Iron 

2 

10> 

Nickel 

2 

10® 

Lead 

2 

10-» 

Hydrogen 

1 

10-* 

Copper 

2 

10-13 

Mercury 

1 

10-15 

Silver 

1 

10-15 
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The above figures show how enormously the solution tension 
differs in different substances. For magnesium and zinc it is 
many millions of atmospheres, for copper, mercury (ous) and 
silver extremely small fractions of an atmosphere. Despite the 
comparatively large errors in the above data, due to the difficulty 
of determining the potential difference between the metal and its 
salt solution, the o r d e r of the decimal expressing the value of P 
can be accepted as reliable in each instance. 

Some of these differences of potential between metals and their 
normal salt solutions are as follows : 


ilctal. 

Volt. 

Mg 

-1-1.22 

Zn 1 

+ 0.51 

A1 

+0.22 

Cd ■ 

+0.19 

Fe 

+ 0.06 

Xi 

-0.02 

Pb 

-0.10 

H 

-0.25 

Cu 

-0.60 

Hg 

-0.99 

Ag 

-1.01 


The algebraic sign of these differences of potential can be 
directly determined from tlie solution tensions. The electrolyte 
in which zinc is immersed must assume a positive potential and 
the metal itself a negative potential, l>ecaiise no zinc solution can 
be concentrated enough to hinder the emission of (positive) zinc 
ions by the metal. On the other hand, copper must become posi- 
tive in respect to a copper solution, for even in the movSt dilute 
solutions the osmotic pressure of the copper ions is greater than 
the solution tension of the metal. 

279. A knowledge of the electrochemical series of the metals 
in electrolytes is of great practical value. Wherever combinations 
of various metals, alloys, metallic crustations, etc., are exposed to 
atmospheric action there is an opportunity to form cells of short 
circuit. In general, the metal with the greatest solution tensiiui 
goes into solution and the other remains intact. A piece of 
vanized (zinc-plated) iron wire does not rust, even in those places 
where the plate has been worn off, as much as if it were not zinc- 
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plated. The reverse phenomenon, that tinned iron rusts faster 
tlian iron alone, is also due to galvanic causes. If our hypoth- 
esis is correct the atmospheric moisture adhering to the metal 
must act as an electrolyte with the combination tin-iron in such a 
v;ay that iron becomes the dissolving (negative) electrode. Iron 
salts must therefore be formed and then transformed into rust by 
tlic loss of carbonic acid. The following experiment confirms this 
view. Rods of iron and tin are brought in contact by a wire which 
fonnects with a galvanometer. If the metals are dipped in water, 
into which air and carbonic acid are passed and to which is added a 
(race of sodium chloride (which always floats in the air and is 
washed down by the rain), the needle is deflected. The iron is 
found to be the anode, and in the course of an hour a thin yellow 
coating of rust is to be observed on it. Sheet iron is tinned, as is 
well known, to prevent it from rusting {§ 199). If the tin plating 
is scratched off at any place so as to expose the iron, the latter begins 
to rust xery rapidly, more so even than if it were not tinned, 
(lalvanized iron, however, does not show a trace of rust where the 
plating has been damaged. 

280. An ion can only go out of solution when a force greater 
than the solution tension acts on it, just as electrically neutral 
molecules cannot crystallize out of a solution until its osmotic 
pressure exceeds that of the saturated solution. The removal of 
an ion can be brought about by the action of an electrical force. 
This is the real principle of electrolysis. The separation , of an 
iou from a solution thus requires a definite electromotive force, 

, t 2T P 

''vlilch must* be equivalelWf to ^og — (see above) and must? 

therefore be stronger as tlie solution tension is greater and the 
f^inotic pressure of the ions smaller. But since electrolysis takes 
place simultaneously at both the anode and the cathode, the total 
force E which is necessary for an electrolysis can be found by taking 
the sum of the forces necessary for the separation of the cation and 
the separation of the anion, thus: 

' S=5.+£,=2xl0-r(ilogg+ilog:g). 

^hicc it is always the case that various sorts of anions and cations 
present together in a solution, electrolysis can thus take place 
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when E has become large enough to separate out one of the varie- 
ties of cations and one of the varieties of anions present. 

This is the basis of a method of utilizing various electromotive 
forces to effect an electrolytic separation of metals. It is not the 
current strength which is of primary importance to the electrolytic 
process (as was formerly supposed), but the difference of potential 
between the electrodes. A very successful example of this method 
is the separation of copper from zinc. With a current of low 
voltage it is possible to precipitate only the copper from a solution 
containing ions of both metals; if the electromotive force is in- 
creased, zinc also is separated.. 

In many cases the ions of the water are more easily separated 
out than those of the dissolved electrolyte. In the electrolysis of 
potassium hydroxide, for example, OH-ions are liberated at the 
^nodc (they are at once decomposed, however, into water and 
oxygen); at the cathode it is not potassium ions but hydrogen 
ions (in spite of their extremely small concentration) which are 
discharged, since tlie solution tension of hydrogen is much less 
than that of potassium. 

281. Tlie dissociation tensions E for various ions are given 
below. The figures are based on equivalent normal solutions. 

The dissociation tension of hydrogen is fixed at zero in the 
table. Inasmuch as there is always an anode and a cathode, 
it is possible to subtract from all the values of Ei an arbitrary l)nt 
constant amount and add it to the values of E2, without affecting 
E{ = Ei-]-E2). The symbol 0 " represents a secondary ionization 
product of the hydroxyl ion: 

the existence of which, according to Nernst, we are obliged to 
assume, although only to an extremely small degree. 


E] (Cations). 

E 2 (Anions). 

Ag- -0.771 

r -0.520 

Cu-- 0.329 

Br' -0.993 ■ 

H- 0,0 

0" -1.08 

Pb” + 0.148 

a' -1.417 

Cd”+0.420 

OH' -1,68 

Zn- 0.770 

SO/' -1.9 


H,SO/-2.6 
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These figures lead us to important results. In the first place 
they enable us to know at once the dissociation tension of any 
combination of ions. Zinc bromide, for instance, will require 
0.993+0.770 = 1.763 volts for its electrolysis; when the concen- 
tration of the ions is normal, the electrolysis of hydrochloric acid 
will require 1.417+0 = 1.417 volts, and so on. It is also obvious 
that it must be easy to separate silver from copper electrolytically, 
since the difference of their dissociation tensions is almost 0.5 volt. 
It also appears theoretically possible to Separate electrolytically 
iodine from bromine and bromine from chlorine. 

The order of the metals in the above electrochemical series is 
the same as that in which one metal is precipitated from its solu- 
tion by the succeeding ones. As soon as a trace of the dissolved 
metal is deposited on the other one, the two metals form with the 
liquid an element, which electrolyzes the surrounding solution. 
The formula 

£ = 10-4— log- 
n ^ p 

tells us, however, that the values of E depend not only on the 
solution tension but also on the osmotic pressure of the cations. 
Very decided changes in the concentration of the salt solution 
would make the order of the metals a different one. For instance, 
it would be possible to conceive a case in which lead would not be 
precipitated by cadmium. 

The electrochemical series of the anions also brings out im- 
portant relations. Bromine must quickly liberate iodine from 
iodide solutions and chlorine quickly liberate bromine from bromide 
solutions because of the marked difference in their dissociation 
tensions. We see, further, that chlorine must be able to generate 
oxygen in acid solutions, but not so with bromine or iodine. It is 
also known, however, that the generation of oxygen by chlorine 
proceeds with extreme slowness, in sharp contrast to the rapidity 
with which chlorine deprives bromine of its negative charge: 

Cl2.p2Br'=Br2+2a'. 

'rhis is not surprising in the light of the above considerations, for 
the chlorine, in order to enter the ionic condition, must make use 
of the ion 0", of which there is only an extremely small amount 
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present. The hydroxyl ion OH', which is present in relatively 
much larger amount and which after the loss of its negative 
charge would also yield a quantity of oxygen equal to that of the 
chlorine, holds its charge more than 0.3 volt firmer than the 
chlorine ion in acid solution. 

The application of electrolysis to commercial processes is 
referred to in connection with the substances concerned (c/, 
§§ 223, 226, 242, 245, 248, and elsewhere). 

BORON. 

282. This element occurs in nature as sassolite, H3BO3, horaate, 
Mg7Cl2Big03o, colemanite, Ca2B60ii-5H20, and borax, Na2B407’ 
10H'20. It can be obtained in the elemental state by the re- 
duction of boric anhydride, B2O3, or borax by means of magne- 
sium po^vder. Tlie product is extracted wdth boiling water and 
h3^drochloric acid and then treated with hydrofluoric acid or 
fused with borax. After another treatment with boiling water 
the pure element is left as a chestnut-brown amorphous powder 
having a specific gravity of 2.45. It is insoluble in the ordinary 
solvents and does not melt even in the electric arc. 

It dissolves in molten aluminium and crystallizes out on cooling 
in transparent, slightly colored crystals, having a lustre, refractive 
power and hardness not far below that of diamond. These 
cr^^stals contain more or less aluminium and carbon as impurities. 
This crystallized modification is much less readily attacked 
by chemical agents than the amorphous variety. 

Amorphous boron takes fire in fluorine and chlorine, 
uniting with them directly. When ignited in the air it burns to 
the oxide B2O3. At a very high temperature it combines with 
nitrogen to form boron nitride, BN. It reduces many compounds, 
such as CuO and PbO, and decomposes water at red-heat. Heat- 
ing with nitric and sulphuric acids converts it into boric acid. It 
is also attacked by boiling caustic alkalies (like aluminium) : 

2B + 2KOH -f- 2H2O - 2KBO2 + 3H2. 

Boron hydride.— When boric anhydride is reduced with an 
excess of magnesium powder, magnesium boride, Mg3B2, is formed. 
The latter on being added to hydrochloric acid generates an ill- 
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smelling gas consisting of hydrogen and a little boron hydride. 
This gas mixture burns with a green flame. By cooling with 
liquid air Ramsay and Hatfield obtained from it a gas B3H3; 
probably the mixture also contained' BH3. 

Halogen Compounds. 

Boron chloride, BCI3, can be prepared by direct synthesis or 
by heating a mixture of boron trioxide and charcoal in a current 
of chlorine, that is, by the same process as that by which silicon 
chloride (§ 192) and aluminium chloride can be prepared. Boron 
chloride boils at 17°. Its vapor density indicates the above formula. 
Water breaks it up into hydrochloric and boric acids; it was with 
the aid of this reaction that the composition of the compound 
was determined. 

Boron fluoride, BF3, is formed, like silicon fluoride (§ 193), 
when the oxide is warmed with a mixture of calcium fluoride and 
sulphuric acid: 

B203+3CaF2-b3H2S04=2BF3+3CaS04+3H20. 

It is a gas, of which water dissolves 700-800 volumes. A solution 
of this concentration fumes in the air. On dilution boric acid 
separates out after some time; hjdrojiuohoric acid, HF-BFs, is 
left in the solution. This acid cannot be isolated in the free state 
l)ut various salts of it are known. It thus displays a very close 
analogy to silicon fluoride. 

Oxygen Compounds of Boron. 

Boron oxide, B2O3, boric anhydride, is obtained as a vitreous 
mass by igniting boric acid. It is very hygroscopic and is recon- 
verted by the absorbed water into boric acid. With hydrofluoric 
acid it forms boron fluoride. The oxide is volatile only at elevated 
temperatures. 

283. Boric acid, H3BO3, is found in the volcanic districts 
of Tuscany, where jets of steam (the springs are called “ fumaroles ” 
«nd the jets proper “ sofjioni^') containing a little boric acid issue 
from the earth. The steam is conducted into water, in which the 
boric acid is retained. When this liquid reaches a certain concen- 
tration, it is allowed to settle, whereupon it is piped off into a very 
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long, flat leaden pan, which is warmed to about 50-60® by other 
soljioni. At this temperature the boric acid^volatilizes but very 
little with steam and when the concentration has become great 
enough it crystallizes out. It is purified by converting it into 
borax, which is recrystallized and then decomposed by hydrochloric 
acid, setting free boric acid. 

Considerable boric acid is also made by decomposing native 
borates with a strong mineral acid. 

The volatility of boric acid with steam has for a long time been 
regarded as an especially interesting phenomenon, because the aiiliy- 
dride BjOg, into which it is readily converted at an elevated tempera- 
ture, is only volatilized with extreme difficulty. The (juestion there- 
fore arises as to the particular compound in which boric acid exists 
in solution and the one in which it escapes. from solution. 

The first point can be settled by a determination of the boiling- 
point elevation or vapor-tension lowering of boric acid solutions. Meas- 
urements of this sort have shown that H3RO3 molecules exist in dilute 
solution. As the solution becomes more concentrated the vapor-tension 
lowering no longer corresponds to this formula; the decrease in the 
lowering indicates that the number of molecules of dissolved substance 
has grown less, i.e. some such change as 4H3B03=H2B^0j + 5H20 has 
occurred. 

If H3BO3 molecules volatilize with the water, the concentrations of 
boric acid in the solution and in the vapor must, according to Henry’s 
law, maintain a constant ratio, independent of the amount of boric 
acid present. This was found to be true for dilute solutions but not 
for concentrated ones, which is in agreement with the experiments on 
vapor-tension lowering, because there also the concentration of the acid 
in the vapor remained proportional to its concentration in the solution. 
It is therefore demonstrated that the compound which escapes with 
the steam is boric acid, H3BO3. 

Boric acid crystallizes in lustrous laminae, which feel greasy and 
are difficultly soluble in col^ water (about 3% at ordinary tem- 
peratures). This solution acts as a weak antiseptic, for which 
purpose it is frequently used. At 100® boric acid loses 1 molecule 
H2O, passing over into metaboric acid, HBO2. At 140®‘tetraboric 
acid, H2B4O7 (=4B(0H)3 -51120), is formed, the sodium salt of 
which is borax. 

No salts of the normal boric acid, B(OH)3, are known, but 
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inetaboric acid forms several. They are unstable and are converted 
by carbon dioxide iSo salts of tetraboric acid: 

4NaB02 + CO 2 = NaaBiO? “Ir Na 2 C 03 . 

The best-known salt of boric acid is borax, Na2B407 -101120, 
often called tinkal At present most of the borax on the market 
is made by boiling colemanite, Ca2BeOii - 51120 , found in California, 
or a similar borate, occurring in ChHe, with soda. Borax swells 
greatly on heating; this is due to the escape of water of crystalliza- 
tion frorh the semi-molten salt. On continued heating it forms a 
vitreous mass. This glass has the property of dissolving metallic 
oxides, some of which give double borates of a characteristic color; 
hence its use in qualitative analysis. The same property makes 
it valuable in soldering; solder adheres only to the untar- 
nished metal, so a little borax is placed on the surface of the metal 
and heated with the soldering-iron in .order to remove the rust. 
The dissolving of metallic oxides is easily understood, when we 
write Na2B407 as 2NaB02+B203; it is the boric oxide, B2O3, 
which can be regarded as coihbining with the metallic oxides to 
form salts. 

Boric acid is a weak acid; its salts are Therefore hydrolyzed 
quite perceptibly — ^more so, of course, as the dilution increases. 
This can be illustrated by a simple experiment devised many years 
ago by Rose. To a concentrated solution of borax some litmus 
is added and then acetic acid until the litmus is just red; if the 
liquid is then diluted, it turns blue because the alkali is set free 
and boric acid has scarcely any effect on litmus. , 

Rather interesting, also, is the behavior of silver borate, which 
is deposited as a white salt on mixing concentrated solutions of 
borax and silver nitrate. When dilute solutions are mixed, how- 
ever, a precipitate of grayish-brown sOver oxide is formed, the 
silver borate being almost completely hydrolyzed in the dilute 
solution. 


ALUMINIUM. ' 

284. This metal does not occur native, but in combination it 
is found in large quantities and very widely diffused. Corundum, 
including the precious stones sapphire and oriental ruhy and the 
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natural abrasive emery (all noted for their^hardness), consists of 
alumina AI 2 O 3 J colored by traces of other oxides. Bauxite is a 
hydrate of aluminium and iron, Chy and kaolin (China clay) are 
principally aluminium ■ silicate. Many other minerals, such as 
feldspar, mica, etc., contain it as a base. A peculiar aluminium 
mineral, cryolite or ice stone, SNaF-AIFa, is found in Greenland. 

The metal can be obtained from the chloride by reduction 
with sodium but at present, it is produced exclusively by decom- 
posing aluminium oxide with the electric current. 

The most important commercial process is that of Hall 
(invented independently in Europe by Heroult). Alumina is 
dissolved in a fused bath consisting of cryolite or an equivalent 
mixture. The process is carried out in a large carbon-lined j)Ot, 
the inner surface of which constitutes the cathode. Carbon rods 
immersed in the bath serve as anodes. Fresh alumina is added 
from time to time and the metal is drawn off at the bottom 
periodically. The temperature is a little above the melting-point 
of cryolite. A current of several thousand amperes and less than 
8 volts maintains the liquidity of the bath as well as effects the 
electrolysis. 

The increased output due to improved methods has brought 
the price of the metal down from over $90 per pound in 1856 to 
about $ 0.20 at the present time, and the production is steadily 
increasing. 

Aluminium is a silvery-white metal of fow specific gravity 
(2.583). It is very ductile and malleable and fuses at about 700*^. 

It is permanent in the air, since it soon becomes coated with a 
firm thin layet of oxide. Small fragments burn with a bright 
light when heated in an oxygen atmosphere. It is not attack^^l 
by dilute nitric acid at ordinary temperatures and only slightly so 
by dilute sulphuric acid. Hydrochloric acid dissolves it readih^ 
as does also caustic potash, hydrogen being evolved and a 1 u mi- 
n a t e s formed in the latter case. 

Before the efforts of Deville to bring about its preparation on a 
large scale were rewarded (1850) and before its properties were well 
known, great expectations were centred in this silver out of clay.’' H 
was thought that if it could be cheaply prepared, it would displace the 
other metals and even compete with iron. Although the metal can now 
be produced at a really low price, those expectations are far from Ix^ing 
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fulfilled. Thb is undoubtedly due in large measure to the properties 
of the metal; its aoflfcess, inability to stand heavy strains or to resist 
the action of alkalies (soap) and acetic acid, greatly depreciates its sup- 
posed value. The cause of these disappointing facts lies partly, however, 
in slight impurities which are present in the commercial grades and 
seriously affect the properties of the metal. To these we may attribute 
the great difference of opinion in regard to its utility. A trace of nitro- 
gen or carbon, for instance, greatly impairs its tensile strength; if traces 
of sodium are present, it is so readily attacked by water that the latter 
eats holes in sheets of the metal, although the pure metal is unaffected 
by water. However, aluminium bids fair to find extensive use in elec- 
trical work and lithography and for various purposes where lightness 
is important. 

'Various alloys of aluminium have also found a place in the arts. 
Among them mention may be made of aluminium bronze, which 
consists of copper and 5-12% aluminium. It can be easily cast and 
has a golden color and lustre. Its great firmness and elasticity render 
it valuable for physical instruments (balance beams) and watch springs. 
New alloys of aluminium are being constantly brought on the market: 
there is one with magnesium called magnalium and another with tung- 
sten, for example. 

Aluminium reduces many oxides (Goldschmidt) with a vigor- 
ous evolution of heat (§ 293). The reduction proceeds of itself 
after it has been started at a certain place in the mixture. For this 
purpose a primer is used consisting of a mixture of oxygen-producing 
substances, such aa KCIO 3 , etc., and a piece of magnesium ribbon, 
which is ignited with a match. The heat that is thus evolved is 
used to heat iron bolts to white-heat and also for welding railroad 
rails, etc. The welding is accomplished by packing the rails in a 
mixture of iron oxide, sand, and aluminium powder together 
with a special sort of cement for making it compact. When 
this mass is ignited it continues to burn and heats the rails to 
glowing. 

An amalgam of aluminium is easily prepared by introducing 
aluminium filings into a i% solution of corrosive sublimate. This 
amalgam decomposes water energetically at ordinary tempera- 
tures, liberating hydrogen and forming aluminium hydroxide. As 
neither basic nor acid substances go into solution, it is a neutral 
nd'm’njg-agerd. The cause of this energetic reaction is due to the 
circumstance that the mercury hinders the formation of a thin 
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firm coating of oxide over the surface of the metal, which would 
otherwise protect it from further oxidation. 


Compounds of Aluminium. 

285. The only known oxide of aluminium is alumina, AI 2 O 3 , 
which is formed on heating aluminium salts or the hydroxide. Jt 
is a white amorphous powder, readily soluble in acids; however, 
after it has been strongly ignited it is no longer soluble and must 
then be disintegrated by fusion with potassium hydroxide or acid 
potassium sulphate. It is found crystallized in nature (§ 284). 

The ruby and the sapphire can be prepared artificially by fusing the 
amorphous alumina with lead oxide at bright red-heat in a Hessian 
crucible. The silica of the crucible then acts on the lead aluminate, 
PbO-AiPg, primarily formed, setting free the alumina in beautiful 
crystals, exactly similar to the natural gems. The addition of a little 
potassium dic-hromate to the fused mass gives the crystals the same 
color as the native ruby; cobalt o^ide produces sapphire. 

Aluminium hydroxide, Al203'nH20, is deposited as a hy- 
drogel (§ 195) when a solution of an aluminium salt is treated 
with ammonia. In the decomposition of the aluminates it is 
obtained as a white powder, A hydrate with a low. percentage nf 
water, AI 2 O 3 - 21120 , bauxite f occurs in France and different parts 
of the United States in large deposits. Aluminium hydroxide is 
both weakly acidic and weakly basic in character. Its. salts with 
acids .suffer partial hydrolysis in aqueous solution and hence react 
acid (§ 239). It dissolves in alkalies to form alumiimtes, such as 
AIO 2 K, Al 02 Na, and AlOsNas, which are deposited in the amor- 
phous state when alcohol is added to their aqueous solutions. 
They are decomposed by atmospheric carbonic acid. 

Aluminium hydroxide is insoluble in water but dissolves in 
a solution of aluminium chloride. By subjecting this solution 
to dialysis, it is possible to get rid of the hydrochloric acid 
(which is present because of hydrolytic dissociatioii) entirely 
and thus obtain a colloidal solution of the hydroxide. Alumin- 
ium hydroxide does not form salts with weak acids. 

Aluminium chloride, AICI 3 , is most conveniently prepared by 
passing dry hydrochloric acid gas over aluminium filings in a tube 
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of porcelain or glass and collecting the sublimed product in a 
wide-mouthed bottle (see Fig. 76). After the tube has been heated 



Fig. 76. — Preparation of Aluminium Chloride. 


to a sufficiently high temperature to start the reaction, no further 
heating is required; however, it is more practicable to continue 
heating in order to collect the chloride in the receiver. 

Aluminium chloride is very hygroscopic. The aqueous solu- 
tion hydrolyzes so readily, depositing alumina, that it can only be 
preserved by the addition of an excess of hydrochloric acid. Such 
a solution does not yield aluminium chloride on evaporation, since 
it decomposes completely into the hydroxide and hydrochloric 
acid on account of the continued removal of the latter dissociation 
product. The vapor density of the chloride up to 400° corre- 
sponds to the formula Al^ls, above 760° to AICI3. With the 
chlorides of potassium and sodium, aluminium chloride forms 
compounds such as AlCla-KCl, whose solutions can be evap- 
orated without decomposition. Compounds such as AlCls-PCls, 
AlCla-POCls, etc., have also been prepared. In organic chemistry 
anhydrous aluminium chloride is of great value in synthetical work. 

Aluminium sulphate, Al2(S04)3-16H20,is obtained by treating 
clay with concentrated sulphuric acid; the product is dissolved in 
water and allowed to crystallize. Aluminium sulphate unites with 
the alkali salts to form double salts of the general type: 

1 ni _ ^ 

R2S04-R2'(S04)3-24H20, 

'vhich are lyiown as alums. R may be either K, Na, NH4, Cs, 
Rb, 11, or an organic base; R' may be Fe (ic) or Cr, inst^d of Al, 
The alums all crystallize in octahedrons and cubes, which often 
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grow to large dimensions; they form mixed crystals readily. 
Ordinary alum (potassium alum) is used as a mordant in dyeing 
(0kg. Chem., § 357), but it, is being gradually superseded as such 
by aluminium sulphate and sodium aluminate. In the vicinity of 
Rome the mineral alunite, or alum stone, is found, whose com- 
position is K(A102H2)3 (804)2; from it a much sought variety of 
alum is made. Alum is also made from cryolite, etc. 

When two salts combine we may have one of two results: 
either the new salt which is formed gives ions in dilute aqueous 
solution that differ from those of the two salts, or it gives the same 
ions. A good example of the former case is yellow prussiate of 
potash; it gives neither ferrous ions nor cyanide ions, so that it 
must be regarded as K4[Fe(CN)6]. Such salts are termed com- 
plex. The second case is illustrated by the alums. A dilute 
alum solution exhibits all the reactions which characterize its com- 
ponents and its conductivity is the mean of the two separate salts for 
the same concentration. When the union is of this sort we have 
what is called a d 0 u b 1 e salt. Between the two kinds there are 
salts of an intermediate nature which form not only complex ions 
but also the original ions to a greater or less extent. The copper- 
ammonia compounds (§ 244) behave in this wmy. 

286. Aluminium silicate, kaolin, is formed in nature by the 
^vcathcring of the numerous alkali-alumina double silicates, the 
alkali silicate being dissolved out, leaving the insoluble aluminium 
silicate. Clay is aluminium silicate; it is usually colored browm 
by iron oxide. It is the essential raw material of the ceramic 
industries, being used both for rough bricks and the finest china- 
ware; of course the better grades require better sorts of clay. Bricks 
are molded out of ferruginous and calcareous clays (loam) and then 
baked (“burned,” or "fired”) till they become firm. Under the 
head of earthenware, or porous ware (faience, majolica, etc., and 
common crockery) we include all articles, which consist of burned 
clay (frequently mixed with quartz), are porous and display 
an earthy fracture and which are covered with a glaze of easily 
fusible silicates. The glaze is produced by introducing salt into 
the kiln. The hot steam causes the fonnation of hydrochloric acxl 
and sodium hydroxide, which unite with the clay to form sodinni 
aluminium silicate. In porcelain the pores of the earthen mass 
are completely filled with fused silicate, as a result of the addition 
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of feldspar and quartz before the burning. The less of such admix- 
tures is present the more difficult the porcelain, is to burn and the 
less sensitive it is to changes of temper|iture. 

Clay is the most widely diffused refractory material; it 
resists not only high temperatures and sudden changes of tern- 
peraturcj but chemical action as well, 

UUramanne is a very beautiful blue pigment, which is prepared arti- 
ficially by heating a mixture of clay, soda, sulphur and wood charcoal 
in the absence of air. It occurs in nature as lapis lazuli. It is usually 
regarded as a compound of sodium aluminium silicate with polysul- 
phides of sodium. This is indicated by the fact that it is attacked by 
acids with the evolution of hydrogen sulphide and the disappearance 
of the color, while it is unaffected by alkalies. It is still uncertain what 
substance gives the pigment its blue color. 


GALLIUM, INDIUM, THALLIUM. 

287 . The existence of gallium was predicted by Mendeleeff (§ 217) 
in the same manner as that of germanium. The hypothetical eka-alu~ 
minium was discovered in 1875 by Lecoq de Boise audran in a zinc 
blende by means of spectrum analysis. Its spectrum consists of two 
violet lines. It is a very rare element. The metal is white, melts 
as low as 30° and has a specific gravity of 5.9. It is only superficially 
oxidized by the air and is not attacked by water. like aluminium, 
it is only slightly affected by nitric acid but dissolves readily in hydro- 
chloric acid as well as ammonia and potassium hydroxide. It forms 
alloys with aluminium, which, when the proportion of aluminium is 
small, are liquid at ordinary temperatures because of the depression 
of the melting-point of gallium, and it decomposes water almost as 
readily as sodium. 

In its compounds, also, gallium displays much analogy with aluminium. 
The hydroxide dissolves in alkalies. The chloride, GaCl 3 , fumes in the 
air like AlClj and its aqueous solution yields hydrochloric acid on evap- 
oration. The sulphate gives an alum, 08 ^( 804 ) 3 - (NH^) 2 SO^ - 241120 , 
^ith ammonium sulphate. Hydrogen sulphide precipitates gallium 
only from an acetic acid solution, in which respect gallium resembles 
2mc(|269). 

Indium has already been referred to in the discussion of the periodic 
B}^tem (§ 216), so that it will be passed over here with a brief descrip- 
tion. It was discovered through its spectrum, a blue line. This ele- 
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ment, too, occurs very rarely, being found in certain blendes. The 
m e t a 1 is white; m.-pt., 176 °; sp. g., 7 . 42 , It is permanent in the air* 
heated to a high temperature it burns with a blue flame to the oiide 
InPg. The chloride InClg is hygroscopic; its aqueous solution does 
not decompose on evaporation. The sulphate forms an alum with 
ammonium sulphate. The hydroxide dissolves in alkalies. 

288. Thallium is the most common of these three elements, notwith- 
standing it always occurs in limited amounts. It is occasionally found in 
the “ Abraum salts” carnallite and sylmie and frequently also in different 
native sulphides. When the zinc blendes are roasted in sulphuric acid 
factories the thallium goes off with the fumes and settles in the flue dust 
and chamber mud. From these deposits it is obtained by boiling with 
dilute sulphuric acid and precipitating with hydrochloric (or better hy dri- 
ed ic) acid, whereupon the sparingly soluble chloride (or iodide) is 
deposited. This element was also discovered with the spectroscojjc 
(Crookes); its spectrum is a bright green line. 

Thallium is a soft metal, about like sodium, and has a bluish color like 
lead. Sp. g., 11.8; m.-pt., 290 °. In moist air it oxidizes very rapidly 
at the surface; but it does not decompose water at ordinary tempera- 
tures. When heated it burns with a beautiful green flame. Sulphuric 
and nitric acids dissolve it readily, but hydrochloric acid acts very slowly 
because of the slight solubility of the chloride. 

There are two sets of compounds: the thallous compounds, derived 
from the oxide T^O, and the tkallic compounds, from the oxide Tl^O,, 
The former re^rnhle those of the alkalies and silver very much. This 
similarity shows itself, for instance, in the solubility of the hydroxide 
and the carbonate, whose solutions react alkaline. Moreover, many 
thallium salts are isomorphous with potassium salts and, like the latter, 
give double salts with platinum chloride, e.g^ Tl2PtCl6. Further 
there is an alum TljSO^* 2112(80^)3- 24 H^O, as \vell as other double sul- 
phates, e.g. TI2SO4 • Mg804 ■ 6H2O, which are analogous to the corre- 
sponding potassium double salts. On the other hand thallium resembles 
silver and lead in the small solubility of its halides (the iodide is the 
least, and the chloride the most, soluble) and also in respect to the 
order of solubility of these compounds. 

In the thallic compounds the element is trivalent, like the other 
elements of the group; furthermore, like the compounds of the latter, 
the thallic compounds readily form complex salts, and undergo con- 
siderable hydrolysis when dissolved in water, 
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SUMMARY OF THE GROUP. 

289. The five elements last considered, B, Al, Ga, In, Tl, form 
a natural group, in which the last three display particular similarity 
to each other in their physical properties. Something analogous 
was observed, with copper, silver and gold in the first group and 
with zinc, cadmium and mercury in the second group. The fol- 
lowing table affords a brief comparison of certain physical data: 



i 

B 

1 

1 

Al 

1 

Ga 

In 

Atomic weight 

11.0 
2.45 
very high 

27.1 

2.58 

700° 

70 

5.9 

30° 

115 

7.4 

176° 

Specific gravity 

Melting-point 



In the spectra of Ga, In and Tl it is again noticeable that the 
lines move towards the red end as the atomic weight increases 
(§265). 

As to their chemical nature it may be remarked that all the 
elements of this group are trivalent and that the basicity of their 
oxides increases with rising atomic weight; boron hydroxide (boric 
acid) has exclusively acid properties, but the hydroxides of the 
other elements, even Tl(OH)3, are also soluble in alkalies. As 
most of the lower oxides of the metals are more strongly basic than 
tlie higher oxides, it is not strange that thallous hydroxide is a strong 
base. 


THE RARE EARTHS, 

290. In the middle of the periodic table (p. 294) are located a number 
of dements, which are classed under the term “rare earths.” There is 
still much uncertainty in regard to some of them, particularly as to 
dieir elemental nature. This is due in large measure to the great simi- 
brity between the elements and the consequent difficulty in separating 
them. The following are now accepted as elements: scandium (Sc), 
y 1 1 r i u m (Yt), lanthanum (La), ytterbium (Yh), cerium 
(tV), erbium (Er), praseodymium (Pr), neodymium 
(hid) and samarium (Sa) ; we may also mention terbium, thulium, 
and holmium (the last three are not included in the table of atomic 
^'dghts, see p. 35), 

These elements occur in various rare minerals which have been found 
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principally in Sweden and Greenland, viz., cerite, gadolinite, euxenite, 
{frihite, etc, 

Since the use of the oxides of cerium and thorium m the incandescent 
gas-light of Auer VON Welsbach has created a demand for them, minerals 
m which the rare earths occur are being ardently sought. The interesting 
fact has developed that they are by no means so ^ ‘ rare '' as was supposed.. 
An es|;ecially rich source of these earths has been found in monazite sand, 
which occurs in rather large quantities in the United States ^production 
900,000 lbs. annually), Canada and Brazil. It consists chiefly of a phos- 
phate of Ca, La, Di, Y and Er, with varying amounts of thorium silicate 
and thorium phosphate. 

In order to isolate the rare earths from these minerals the latter are 
powdered very finely and heated to faint-red heat with concentrated sul- 
phuric acid. Thus the rare earths are changed into sulphates and the 
silicic acid is converted into the insoluble condition. The sulphates are 
then taken up in ice-water, in which they dissolve much more readily 
than in warm water (since a difficultly soluble hydrate is formed at 
higher temperature). From this cold solution they can be precipitated 
with oxalic acid, their oxalates being almost insoluble even in dilute 
acids. Thus they are freed from Ca, Fe, etc. The oxalates are then 
converted into oxides by heating. 

The separation of these oxides is a more difficult task. Various 
methods are in use. The insolubility of the sulphates of cerium, lan- 
thanum and didymium in a saturated sodium sulphate solution (by 
reason of the formation- of double salts) is made use of to separate them 
from erbium, ytterbium and yttrium. The nitrates of the various 
metals of this group differ markedly in their stability on heating; hence 
another method of separation has been devised, by which the nitrates 
are decomposed one after another by heating and those that remain 
undecomposed after each successive heating are extracted with wafer. 
A third method is the fractional precipitation of the solutions with 
ammonia. Further, by fractional precipitation with potassium chro- 
mate (the insoluble neutral chromates being deposited), separations 
can be accomplished which are otherwise very difficult. It is of much 
akl in these separations that the solutions of some of these metals (boib 
didynnium metals, erbium, samarium, etc.) give absorption spectra; it 
is thus possible to determine when the separation is complete. 

Some of the rare earths which have been more carefully studied will 
be described here briefly. 

Cerium occurs principally in cerUe (as high as 60%). Its salts are 
colorless when pure and give no absorption spectrum (§263). 
separate cerium oxide (ceria) from the oxides of lanthanum and difl}’* 
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mium (the latter is a mixture of Pr and Nd) these oxides are warmed 
with an aqueous solution of chromium trioxide till all is dissolved. 
The resulting solution is then evaporated to dryness and heated to 110° 
for some time. Cerium chromate is thus decompokd, yielding ceria, 
Ce203. If the mass is then extracted with water, the chromates of 
lanthanum and didymium go into solution, leaving the insoluble ceria. 
Another method is to treat the solution with ammonium persulphate, 
when cerium only is precipitated as a basic ceric salt. 

The metal looks like iron and is quite permanent in the air. At an 
elevated temperature it takes fire. It forms two sets of salts, the ceroua 
salts, which can be derived from the oxide CejOg and are colorless, and 
the ceric salts, derivable from CeOa, which are yellow or brown. Cerium 
is thus quadrivalent (as the existence of the fluoride CeF4-H20 also 
indicates) and so belongs to the fourth group of the periodic system. 
When chlorine is passed into an alkaline solution of a cerous salt a yel- 
low precipitate of CeOj is obtained. 

Lanthanum chn be separated from didymium by adding sodium, 
hydroxide to the solution until it no longer gives an absorption spectrum 
(see above). The precipitate then contains the didymium metals and 
a little lanthanum, but the liquid is free from the former. Lanthanum 
is only trivalent. Its oxide LojOj and its salts are colorless when pure. 

Didymium was formerly regarded as an clement but Auer von W^els- 
BACH succeeded in splitting it up into two components, called praseody- 
mium and neodymium. This can be accomplished by making use of 
the difference in solubility of their potassium double sulphates in a 
concentrated solution of potassium sulphate. The praseodymium salts 
are green £^d give green solutions; the neodymium salts have an ame- 
thyst color and give pink solutions. The absorption spectra of the 
two elements differ considerably. 

Scandium is likewise a trivalent element. Its existence was pre- 
dicted by Mendeleeff, who called it ekahoron. Its trivalence places 
it in the aluminium group. The hydroxide Sc(OH)3 is gelatinous, but 
insoluble in an excess of alkali. 

Ytterbium. — The oxide YbaOj is the main constituent of erbia 
(obtained from euxenile and gadolinite), which also contains the oxides 
of scandium, yttrium, erbium, etc. Ytterbia (oxide) is obtained by 
fractional heating of the nitrate mixture (see above). The salts of 
ytterbium are colorless and give no absorption spectrum. 

The salts of samarium are yellow and have a characteristic absorp- 
tion spectrum, 
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TITAmUM, zmcoinuM akd thorium. 

291. These uncommon elements are related to carbon and silicon in the 
same way as K, Kb and Cs are to Li and Na, and as Ca, Sr and Jia 
are to Be and Mg. Titanium and zirconium still give acid-forming 
oxides, while thorium forms only basic oxides. 

Titanium displays very close analogy to silicon; it frequently occurs 
with the latter but always in a small amount. The element can be 
obtained by reduction of the oxide with aluminium. It is white, very 
hard and extremely refractory. Sp. g. 4.87. Titanium dioxide, TiOj, 
occurs in three modifications: rutik^ anaiase and brookite. Titanium 
chloride, TiCI^, is prepared by passing chlorine over a red-hot mixture 
of charcoal and TiOj. It is liquid and fumes in the air because of decom- 
position by atmospheric water into HCI4 and Ti(OH). Titanic acid, 
Ti(OIl)4, separates out as a white amorphous powder when the hydro- 
chloric acid solution of a titanato is treated with ammonia. This action 
is due to the weak basic character of ammonia and the weak acid nature 
of titanic acid; as a result the ammonium titanate is completely hydro- 
lyzed (§ 239), Like silicic and stannic acids, titanic acid readily forms 
poly-acids (§195). It dissolves in alkalies to form titanates, which 
are also obtained by fusing Ti02 with alkalies. On the other hand 
titanic acid dissolves in concentrated sulphuric acid; it then remains 
in solution even when poured into water, because the excess of sul- 
phuric acid hinders hydrolytic dissociation. Higher as well as lower 
oxides of titanium are known. The lemon-yellow oxide TiOg is formed 
on treating the sulphuric acid solution of TifOH)^ with hydrogen per- 
oxide (§ 38). 

Zirconium occurs in nature chiefly as zircon^ ZrSi04. Mois.sax 
obtained zirconium carbide, CZr, from this mineral directly by heating 
it wdth sugar charcoal in an electric furnace (1000 amp. and 40 voltf^) 
for ten minutes. The silicon for the most part volatilizes. If the c,*jr- 
bide is treated with chlorine at dull-red heat, it is converted into the 
chloride. Zirconium chloride behaves with water in the same way 
as TiCl^ and SnCl4. The hydroxide, Zr(OH)4, is precipitated by ammonia 
from acid solutions as a voluminous mas-s. It is insoluble in alkalies, 
but on being fused with the latter it forms salts such as Na^ZrOs and 
Ka4Zr04, which are decomposable by water. The basic character of 
the hydroxide is apparent from the fact that it gives a sulphate, Zr(SO j)y 
with sulphuric acid, which can be recrystallized out of water. Zirconnif 
ZrOj, emits a very bright light when heated strongly and can therefore 
be used advantageously instead of lime in the' Drummond light (§ lo). 

Thorium is at present obtained mainly from monazite sand; it 
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also found in the thorite of Arendal. The hydroxide Th(OH)^ is insoluble 
in alkalies. The sulphate crystallizes with OHjO. 

Thoria and ceria are the essential constituents of the incandescent 
gas-light of A. von Welsbach. A finely woven cotton “ mantle is 
saturated with a solution of the nitrates of thorium and cerium, in 
which the two are contained in such a proportion that after ignition 
the ash contains 98-99% thoria and 2-1% ccria. When this ashen 
mantle is heated to incandescence by a Bunsen burner it gives out an 
intense light. This is apparently due to the fact that such an ’ash.- 
mantle emits only a small proportion of red rays and rays of still greater 
wave-length, but mainly gives out rays of shorter wave-length; hence 
very little, if any, energy is lost by the emission of feebly luminous rays. 
However, it is found that a mantle consisting of thoria or ceria alone 
or of the two oxides in a proportion different from the above produces 
very little light. So far as the ceria is concerned this is due to its being 
present in such an excess that it cannot all be raised by the flame to 
full incandescence. An analogous phenomenon is seen in an ordinary 
flame, which when smoking (i.e. when too much carbon is present) 
gives less light than w^hen not smoking. That it is not the thoria which 
emits the light is proved by the fact that a mantle consisting’ chiefly 
of ceria and containing only 1-2% of thoria produces very little light. 
We must therefore suppose that in the mantle minute particles of ceria 
are spread out upon the very poor hcat-conductor, thoria; thus, since 
their mass is small, they are able to reach the high temperature at which 
they emit the desired bright light; for the brightness of a flame increases 
with about the fifth power of the temperature. 

In the incandescent electric light of Nernst the incandescent body 
(“ glower ”) has the form of a ^vire rod, prepared from a mixture of rare 
earths (Zr, Th, Yt, Ce, etc.) and glazed. Both ends of the rod arc con- 
nected with the wires conveying the current. At ordinary temperatures 
the rod is a non-conductor, but if it is warmed (by a burning match, e.g.) 
a current begins to pass through (if the potential is high enough) in 
gradually increasing amount; this heats the glower still higher so that 
in a short time it reaches bright incandescence. The interesting feature 
of this lamp is that a substance which is a non-conductor at ordinary 
temperatures becomes a conductor at a higher temperature. In its 
niore recent fom the Nernst lamp is supplied with an automatic elec- 
tric “ heater ” close to the wire, so that no lighting is required. By 
feason of its efficiency this lamp bids fair to be of considerable commercial 
importance. According to Nernst, the glower ” conducts the elec- 
tricity by an electrolytic process and not like a metal. One of the 
grounds for this belief is the fact that the conductivity of a metal 
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decreases as the temperature rises, but that in the case of electrolytes 
it increases. Moreover, the continued use of a direct current results in 
the- deposition of metal at the cathode end of the rod, 

Nernst also found that below 1700 “ pure oxides do not conduct 
the current perceptibly, while mixtures do. The case is entirely analo- 
gous to that of aqueous solutions. Pure water is a non-conductor; so 
is pure hydrogen chloride; only when they are mixed does conductivity 
appear. Similarly, both thoria and magnesia are non-conductors by 
themselves, but, if they are mixed, we have conductivity. 


VAHADIUM, NIOBIUM (Columbium), TANTALUM. 

202. These very rare elements are allied to nitrogen and phosphorus 
in their properties and the formulae of their compounds. As in all the 
other groups the metallic character becomes more prominent as the 
atomic weight increases. 

Vanadium, which occurs in certain iron ores and in vanadinite, a lead 
vanadate, is characterized by an abundanc%of compound- types. There 
are, for example, four chlorides: VClj, VCI3, VCl^ and VCI5. An oxy- 
chloride, VOCI3, also is known, which is decomposed by water like POCI3. 
The highest oxide, VjO^, a brown substance, is an acid anhydride; it 
forms salts which may be derived from the acids HgVO^ (ortho-acid) 
and HVO3, metavanadic acid, and is thus analogous to P2O5. 

An important salt is the ammonium metavanadatef NH4VO3; it is 
insoluble in ammonium cliloride solution, which property is valuable in 
separating vanadium from its ores. The latter are fused with caustic 
soda and saltpetre, producing sodium vanadate, which is extracted 
with water. On saturating this solution with ammonium chloride, 
Is H^VOg separates out after a while as a sandy powder. Heating converts 
it into VjOg. This also serves as the characteristic test for vanadic acid. 

Vanadium is finding various uses, both as the brown oxide and in 
alloys. It is of some importance for the manufacture of special steels. 
Moreover it is much less rare than was supposed, for traces of it occur 
in many granitic and other rocks. 

Niobium (frequently called columbium) and tantalum form volatile 
chlorides, NbClj and TaCIj, which (like PCI5) are decomposed by water. 
Particularly characteristic of these elements are their aouble fluorides, 
2KF‘NbOF3 ^nd 2KF‘TaF5. The latter is difficultly soluble, tlie 
former readily soluble, in water. Use is made of these compound?^ in 
separating the two elements. The oxides NbjOg and Ta^Os in the pres- 
ence of bases form salts of niobic acid, HgNbO^, and tantalic acid, 
HjTaO^. The element niobium is obtained in the free state by heating 
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niobic acid with sugar charcoal in the electric furnace. ^ It then con- 
tains about 3% of carbon. As it is not attacked by acids, it resembles 
boron or silicon more than it does the metals. 

Tantalum metal is also very indifferent to chemical reagents, though 
it absorbs hydrogen greedily and also forms carbides. It is malleable 
and ductile giving a wire of higher tensile strength than steel. Re- 
cently very fine filaments of metallic tantalum have been employed in 
iiKtandescent electric lamps instead of the carbon filaments, the consump- 
tion of energy per candle power being considerably reduced. 


CHROMIUM GROUP, 

Chromium. 

293. This element occurs principally in chromite^ Fe0-Cr203 
294), and less commonly in crocoite, PbCr04. The former 
serves exclusively for tl^e preparation of chromium compounds; 
for this purpose it is very finely powdered and fused with an alkali, 
thus forming chromates, which are extracted with water. 

The element has been known for a long time, but it was not 
until 1894 that it was prepared pure on a large scale by Moissan. 
He reduced chromium oxide, CraOa, with charcoal in the electric 
furnace. An easier method is that of Goldschmidt (§ 284), by 
which chromium oxide is reduced with aluminium filings. If care 
is taken to have an excess of chromium oxide present, the metal is 
obtained entirely free from aluminium. 

The metal thus obtained is lustrous and tak^ a polish. It 
does not melt in the oxyhydrogen flame but is completely liquefied 
in the electric furnace. It does not scratch glass (although the 
carbide C2Cr3 scratches quartz and topaz). At ordinary tempera- 
tures its behavior is that of a precious metal, i.e., it is not in the 
least affected by the air. Ostwald has observed a very remarkable 
phenomenon on dissolving chromium in dilute acids, viz., that the 
evolution of hydrogen is periodic; after a few minutes of vigorous 
gas evolution there is a cessation for a few minutes. Not all 
pieces of chromium metal show this peculiarity. It is still uncei> 
^ain just what causes this periodicity. 

Chromium forms three sets of compounds, derived from CrO, 
chTorrious oxide i CrgOs, chromic oxide; and CrOs, chromic anhydride* 
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CHROMOUS COMPOUNDS. 

These compounds have a very strong tendency to absorb oxygen 
and go over into chromic compounds; hence they can only be pre- 
served away from the air. A solution of the chromous cbloride^ 
CrCl2, is obtained by reducing chromic chloride, Cr2Cl6, with zinc 
and sulphuric acid. It has a beautiful blue color, which soon 
turns to green because of oxidation. If the solution of chromous 
chloride is poured into a saturated solution of sodium acetate, 
chromous acetate is precipitated as a red crystalline powder, which 
is much more pemianent in the air than the other chromium salts 
and can therefore be used for their preparation. The hydroxide 
Cr(OH)2 is yellow. 


CHROMIC COMPOUNDS. 

294. Chromic oxide, Cr203, is formed by heating chromic 
anhydride, CrOs, or ammonium chromate (§ 105). It can be 
obtained crystallized by passing chromyl chloride, Cr02Cl2, through 
a red-hot tube. The amorphous compound is green; the crystals 
are black. After ignition it is insoluble in acids. When fused 
with silicates it colors the latter green, whence its use as a pigment 
for coloring glass and chinaware [chrome green). 

Guigxkt’s green, a beautiful pigment, is prepared by fusing 
potassium dichromate (1 part) with boric acid (3 parts). The 
potassium borate is dissolved out with water, leaving the coloring 
substance, Cr203 '2H2O. 

The hydrogel of chromic oxide, Cr203 '711120, is precipitated 
when a chromium salt is treated with ammonia. It is light blue 
but dissolves in caustic potash or soda to a green solution. On 
boiling this solution a lower hydrate of another color is deposited. 
The cause of this precipitation is readily understood, if it is assumed 
that the saturated solution of the lower hydrate contains less 
chromium ions than that of the higher hydrate. The alkaline 
solution is thus supersaturated in respect to the lower hydrate ami 
the latter must be deposited. The solubility of chromic hydroxkli' 
In alkalies shows its slightly acidic character; it can also form salts 
with other metals, most of which salts are derived from CrO- OH. 
An example of this type is the mineral chromite. 

Chromium hydroxide is only a weak base; it does not form 
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salts with weak acids such as carbonic acid, sulphurous acid, etc. 
WJ239). 

Chromium chloride, CrCls, is prepared by heating a mixture 
of chromic oxide and carbon in a current of chlorine; it then 
sublimes in brilliant violet crystal-laminae. Chromic chloride thus 
obtained dissolves in cold water very slowly, but if traces of 
chromous chloride are present it dissolves readily. According to 
OsTWALD, this is to be regarded as a catalytic acceleration of the 
velocity of solution. The resulting solution is green; on evapora- 
tion green deliquescent crystals of the composition Cr2Cl6 -121120 
separate out. These crystals are also obtained from the solution 
of the hydrogel in hydrochloric acid. At 1200-1300° the vapor 
density corresponds to the formula CrCla. 

Chromic sulphate, Cr2(S04)3, like other chromium salts 
(nitrate, chrome alum, etc.), has the peculiar property of dissolv- 
ing in cold water to a violet solution, which turns green on warm- 
ing. On cooling, this green color changes back to violet (rather 
slowly with the sulphate solution but rapidly wth other salts). 
On slowly evaporating the. violet solution at room temperature the 
salt crystallizes out, the sulphate, for instance, ^vith fifteen molecules 
of water; the green solution, however, yields only an amorphous 
viscid mass. 

In investigating these phenomena the sulphate solution has 
been usually employed, since its green modification can be kept 
the longest. Experiments have shown that the process depends 
on a splitting off of sulphuric acid (1 mol. H2SO4 from 2 mols. 
sulphate) and that green ‘^chrom-sulphuric acids” are formed, 
i.e. substances with a complex chrom-sulphuric acid ion, since 
they do not give tests for cither chromium or sulphuric acid. 
Thus only one-third of the sulphuric acid can be precipitated. from 
a green solution of the sulphate directly with barium chloride, or 
in other words, only a third of the S04-ions of the original violet 
solution are still present. The transition from the violet solution 
to the green can therefore be formulated in this way: 

202 ( 804 ) 3 +H 2 O =H2S04 +[Cr40(S04)4lSf04. 

violet complexion 

green 


Only those S04-groups in italics are precipitated. 
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In a moderate state of dilution these chrom-sulphuric acids are 
as strongly ionized as sulphuric acid itself. 

An analogous behavior is shown by chromic chloride, CrCIs. 
A violet solution, of it can be obtained by treating the violet solu- 
tion of the sulphate with the theoretical amount of barium chloride. 
The chlorine can then be completely precipitated with silver 
nitrate at ordinary temperatures. If the solution is boiled for 
a time, however, and then cooled, silver nitrate will precipitate 
only two of the three chlorine atoms directly under the same con- 
ditions; the third must have gone with chromium to form a com- 
plex ion. 

Chrome alum, K2S04'Cr2(S04)3 -241120, is best prepared by 
passing sulphur dioxide into a solution of potassium dichromate 
containing free sulphuric acid: 

KaCraO; + H2SO4 + 3SO2 = K2SO4 ■ 02(804)3 +H2O. 

It can be obtained in finely developed octahedrons with edges 
several centimeters in length. It is used in dyeing and tanning. 

CHROBffATES. 

2p5. There are numerous salts of the formula M2Cr04 which 
are derived from the oxide CrOa, chromic anhydride, as in tlie 
similar case of sulphuric anhydride, SO3; but while in the latter 
case the sulphuric acid itself, H2SO4, is also a stable compound, 
chromic acid, H2OO4, has not as yet been isolated. When an 
acid is added to a chromate only the anhydride is obtained; the 
acid H2Cr04 breaks up forthwith into water and anhydride. The 
salts of chromic acid are isoraorphous with the corresponding 
sulphates. 

Chromic anhydride is -obtained on adding sulphuric acid to a 
concentrated solution of potassium dichromate; it separates out 
in the form of long red rhombic needles, which, when freed from 
all sulphuric acid, do not deliquesce in the air. They are readily 
soluble in water. Heating to 250° breaks them up into chromic 
oxide and oxygen: 

2Cr03 ~ C!r203 -f* 30. 

Chromium trioxide is a very^powerful oxidizing-agent; its solu- 
tion cannot be filtered through paper because it destroys the paper 
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by oxidation. When strong alcohol is dropped on chromic anhy- 
dride it takes fire, chromic oxide (Cr303) being formed at the same 
time. Hydrochloric acid is oxidized to chlorine and water, sulphur- 
ous acid to sulphuric acid. On passing dry ammonia over CrOa 
crystals, the gas takes fire and the oxide is reduced. When heated 
with sulphuric acid it yields oxygen and chromium sulphate. 
Hydrogen sulphide reduces the aqueous solution, sulphur being 
deposited. Chromic anhydride thus displays various characteristics 
of peroxides such as Pb02, Ba02, etc. 

In addition to the normal salts of chromic acid, e.g. K2Cr04, 
there are also di chromates, t r i chromates, etc., which can be 
regarded as combinations of one molecule of the neutral salt with 
one or more CrOs molecules ; 

K2Cr04+ CrOs = K2Cr207; K2Cr04 + 2Cr03 = K2Cr30io, etc. 

Bichromate Trichromate 

If J molecule of sulphuric acid is added to 1 molecule of 
chromate, the yellow color of the chromate solution is changed to 
the red color of the dichromatc; a Cr04-ion gives up its electrical 
charge and an atom of oxygen to the hydrogen ions of the free 
acid, thus yielding water and fonning, together with a second 
Cr04 ion, the red ion Cr207: 

4 K* + 2Cr04'' + 2 H' + SO4" = 4 K‘ + Cr207"+ H2O + SO4". 

Acid salts of chromic acid do not exist on account of this reducing 
effect of the hydrogen ions on the Cr04dons, for which reason also 
free chromic acid, H2Cr04, is incapable of independent existence. 

Chromic acid is a weak acid, since its insoluble (in water) salts, 
e.g. those of barium, lead and silver, are readily dissolved by 
strong acids (§ 146 ). 

Alkali chromates are invariably obtained by fusing a chromium 
compound with an alkali carbonate and an oxidizing-agent. The 
latter is unnecessary when the fused mass can be brought suffi- 
ciently in contact with the oxygen of the air by stirring. Chromite 
is worked up commercially inl^o chromates in this way, it is cal- 
cined with soda and lime above 1000° in a reverberatory furnace. 

20203 • FeO+ 4Na2C03 + 4 CaO + 70 

= 4Na2Cr04 -l-4CaC03 + Fe 203 . 
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The resulting sodium chromate is lixiviated and sulphuric acid 
is added to its solution; on evaporation wdium dichromate, 
Na2Cr207, crystallizes out; and this can be converted into potassium 
dichromate^ a well-known salt; by double decomposition with 
potassium chloride. 

The fusion is much more readily accomplished when caustic 
potash (KOH) is used instead of soda (Na2C03); probably because 
fused potassium hydroxide absorbs oxygen from the air and forms 
the peroxide; thus becoming a much more active oxygen-carrier 
than soda. Under these circumstances the oxidation proceeds 
rapidly and completely as low as 500 °. 

Potassium dichromate finds frequent use as an oxidizing-agent 
in sulphuric acid solution; being itself reduced to chromic sulphate: 


K2Cr207 + 4 H 2 SO 4 = K 2 SO 4 + Cr2(S04)3 + dllgO +30. 

An important commercial task is the regeneration of the chromic acid 
from such a chromium sulphate solution. The method followed in the 
factories at Hdchst, Germany, is an electrical one. The solution is elec- 
trolyzed between lead electrodes in a vessel containing a diaphragm 
(porous partition). By the action of the current chromic acid is formed 
at the anode,, while at the cathode hydrogen is evolved. Besides this, a 
change occurs in the concentration of the sulphuric acid on both sides of 
the diaphragm; it becomes higher in the anode portion, and lower in 
the cathode portion. Tl^ liquid oxidized at the anode can be used for 
oxidizing purposes without any further preparation. The chromic a<'id 
is again reduced to chromic oxide, CcjOg, and the reduced liquid is then 
introduced into the cathode portion, while the liquid which previously 
occupied that space, is brought over to the anode side of the diaphragm. 
When the current is again turned on, the liquid at the cathode, which 
at the beginning of this second operation is richer in sulphuric acid tliaii 
the liquid at the anode, yields its surplus to the cathode liquid. In this 
way an accumulation of sulphuric acid is avoided, and the same liquid 
can really be used continuously as an oxidizing-agent. 

The chromates are yellow (except silver chromate, which is red) 
and the dichromates are red. Lead chromate, PbCrOi, is insoluble 
in water and is used as a pigment (chrome yellow). . 

On heating potassium dichromate with potassium chloride and sol* 
phuric acid a dark-red liquid distils over, which has the compositiuu 
(KljCb and the boiling-point 117° and must be considered as the chlori le 
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of chromic acid; it is called chromyl chloride, or chromium oxychloride; 

KjCtjOj +4KC1 + 3 H 2 SO, =2Cr0A+3K2S04+3H20. 

Water breaks it up into CrOg and HCl. 

The semi-chloride of chromic acid, Cr02<^^j^, is known only in the 

form of salts. The potassium salt, for example, is obtained by heating 
potassium dichromate with concentrated hydrochloric acid; 

KjCrA + 2 HC 1 = 2 CrOj<^'^ +H; 0 . 

It crystallizes in red prisms. 

On treating a chromic acid solution with hydrogen peroxide in excess 
a beautiful blue coloration appears, which is absorbed by ether on shak- 
ing. It is due to a perchromic acid, whose ammonium salt NH^CrOg- 
can be isolated as a violet-black powder similar to powdered potassium 
permanganate. In concentrated aqueous solution decomposition soon 
occurs, the dichromate being formed and oxygen given off. 


Molybdenum. 

296. This comparatively rare element is found in nature in 
molybdenite, M0S2, and wuljenile, PbMoOi. The former alone is 
used in preparing molybdenum and its compounds. It is roasted 
and so converted into the trioxide, M0O3. 

The element itself is obtained frofta its oxides or chlorides 
by heating them red-hot in a current of hydrogen. The product 
is a steel-gray powder which fuses with great difficulty to a silvery 
metallic mass. Sp. g.=8.6. Heating in the air converts it into 
the trioxide. It is not attacked by hydrochloric or dilute sul- 
iihuric acid, but is readily dissolved by nitric and concentrated 
sulphuric acid. Molybdenum also has recently found a metallur- 
gical use in varying the properties of steel. 

This element is noted for the great variety of its compounds; 
some of the more important ones may be mentioned here. 

In addition to the oxides M02O3 (weakly basic) and M0O2 (in- 
different) therf is molybdenum trioxide, M0O3, which, like CrOa, 
is an acid anhydride, It is a white powder which turns yellow on 
heating. It is very sparingly soluble in water. With alkalies it 
forms molybdates. It has a tendency to form pol y-molyhdates 
oven stronger than the similar tendency of chromic anhydride; 
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ammonium heptamolybdate, (NH4)6Mo7024‘4H20 (derivable from 
the acid 7H2M0O4-4H2O), commonly known as “ammonium 
molybdate/^ is a typical example. The addition of a strong acid 
to a molybdate solution precipitates white, glistening crystal-lam- 
inse of molybdic acid, H2M0O4, which dissolve in an excess of acid. 
A solution thus prepared from ammonium molybdate and an excess 
of nitric acid serv'es as a test-reagent for phosphoric acid, with 
which it forms a yellow precipitate of about the composition 
(NH4)3P04T4 Mo 03+4H20 on warming (cj. §§ 146 and 162 ). 

Of the chlorides the compounds M0CI3, M0CI4, and M0CI5 are 
known. In the oxychlorides M0OCI4 and M0O2CI2 molybdenum 
can be regarded as sexivalent. 

The chloride MoClj does not exist according to Muthmann (neither 
does MoO), but a chloride Mo-jCl^ is known. 

A very characteristic test for molybdic acid (the most common 
molybdenum compound) is the following; the substance is mixed 
with zinc and sulphuric acid; at first a blue coloration (a molybdate 
of molybdic oxide) a])pears but it soon turns green and then brown. 
This brown coloration is due to a salt of the oxide M02O3. 

TUNGSTEN. 

2p7. The minerals in which this element chiefly occurs are sckeelite, 
CaW04, wolframik, or wolfram, (Fe,Mn)W04, and hiibnerite, MnW04, 
The metal is obtained pure by the method of Goldschmidt (§ 284 ), i.e. 
by the reduction of pure tungstic acid with aluminium filings. The tem- 
perature thus produced is not high enough, however, to convert the metal 
into a regulus, or matte. Staveniiagen raised the temperature very 
considerably by adding liquid air to the reduction mixture before igni- 
tion; under these conditions the separate particles of tungsten unite to 
form a fused regulus. The metal so obtained is very pure; sp- g., 16 . 6 . 
It is malleable and scratches glass. In combination with carbon it is 
very much harder. It is very permanent in the air. Sulphuric acid, 
hydrochloric acid, aqua regia, and hydrofluoric acid attack it very 
slowly, but it rapidly dissolves in a mixture of hydrofluoric and nitric 
acids. Fused caustic potash dissolves it slowly with the evolution of 
hydrogen. Tungsten is employed in the iron industry, since a sm;ih 
percentage of tungsten increases the hardness of steel in a markcil 
degree {tungsten, or wolfram, steel). 

Tungsten, like chromium and molybdenum, is also characterized by 
an abundance of compound-types. The chlorides WCl^, WCI4, WCI5, 
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and WCI0 are kno^sTi to exist. The lower ones are prepared from the 
hexachloride by heating in a current of hydrogen or carbon dioxide. The 
hexachloride itself is formed by direct synthesis; it is a violet-black 
crystalline substance; water converts it into the anhydride, WO3. 

Tungstic anhydride, WO3, is obtained by precipitating the hot solution 
of a tungstate with nitric acid. It is insoluble in water and acids but 
soluble in alkalies. The addition of an acid to the cold solution of a 
tungstate precipitates tungstic acid, W0(0H)4[=W(0H)g-H20]. The 
latter forms poly acids, like chromic and molybdic acids. Like molybdic 
acid also it has the property of uniting with phosphoric and arsenic acids 
to form complex phospho-tungstates and arseni-tung- 
states . — The following is a very ckaracterutk test for tuiigstatcs: If 
stannous chloride is added to a tungstate solution, a yellow precipitate 
(WO3) is produced. On the addition of hydrochloric acid and warming, 
a beautiful blue solution (WjO^) is obtained. 

URANIUM, 

2g8. The principal uranium mineral is itraninite, which usually con- 
tains some iron. The metal is obtained by heating the chloride with 
.sodium or by the electrolysis of the chloride or by the reduction of the 
oxide with carbon in the electric furnace. It is silvery-white and has a 
specific gravity of 18 . 7 , It' is much more volatile than iron in the electric 
furnace. When it is in the form of a fine powder it burns in a current of 
oxygen as low as 170 °. In the same state it decomposes water slowly 
at room temperature. When nitrogen is passed over uranium the two 
elements combine readily at 1000 ° to form a yellow nitride. Another 
interesting compound is the carbide C3TJ2 (obtained from uranium oxide 
and <!harcoal in the electric furnace), inasmuch as the addition of water 
yields not only methane but liquid and solid hydrocarbons. 

Uranium forms two sets of compounds; in the ous compounds it is 
quadrivalent (UXJ, in the ic compounds scxivalent (UXg). The former 
pass readily into the latter. The oxide UO2 has an exclusively basic char- 
acter; it is obtained by igniting the other oxides in a current of hydro- 
gen. It was at one time regarded as the metal itself. 

Uranic oiide, UO3, is a yellow po^^'der, prepared by heating the 
nitrate. The corresponding hydroxide, U(OH)g, is not known, but salta 
of the compound U(OH)0-2H3O =U02(0H)2 with acids have been 
prepared. Since the UOj group acts here as a bivalent radical it is 
called uranyl and its salts uranyl salts, e.g. U02(N03)2, uranyl nitrate, 
^‘cystallizing with GHjO in beautiful greenish-yellow prisms. Uranium 
bioxide also has somewhat the character of an acid anhydride; if caustic 
l>otash and soda are added to uranyl salt solutions yellow uranak& 
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(KjUp, and NOjUjO;) are precipitated, which are soluble in acids. 
Uraninite can be regarded as the uranate of uranous oxide, UjOg 
=2U03-U02. Both oxides are converted into this UgOg oxide by heat- 
ing in the air. Uranium salts are used to impart to glass a beautiful 
green ish-yellow' fluorescence. 

The detection of umnyl salts is accomplished with the aid of the pre- 
cipitate, soluble in excess, which they give with ammonium carbonate 
and by the reddish-brown precipitate with ix)tassium ferrocyanide, 

SUMMARY OF THE GROUP. 

299. The elements chromium, molybdenum, tungsten, and ura- 
nium, in connection with sulphur, constitute a natural group in the 
periodic system. Particularly in the higher oxides there is con- 
siderable analog}^ with the behavior of this metalloid. Their acids, 
for example, all have the formula H2RO4. Moreover sulphur also 
has the ability to form polyacids (pyrosulphuric acid) although it 
is not so prominent as in the first-named four elements. Several 
of their salts are isomorphous. The strength of the acids decreases, 
as in other groups, with rising atomic weight. Another character- 
istic of all the elements of this group is the great abundance of 
formula types; it is also very noticeable in the case of sulphur, 
whose acids arc remarkably numerous. The physical properties of 
these eJements have not yet been fully detezrained, hut a few of 
tlieni are given in the following table; 



Cr 

Mo 

W 

u 

Atomic weight 

52.1 

96.6 

184 

2,30.5 

Specific gravity 

6.7 

8.6 

16.6 

18.7 

Color 

white 

white i 

white 

white 

Melting-point 


very high for all 

s 



RADIO-ACTIVE ELEMENTS. 

300 . A few years ago Becquerel discovered that uraninite emits 
a peculiar sort of rays. They move in a straight line and act on a 
photographic plate; but they cannot be reflected or refracted or polar- 
ized. When they pass through gases the latter become electrical con- 
ductors. It was for a while a question whether these properties belong'fl 
to uranium or to substances mixed with it in the uraninite. This niin- 
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eral is very complex, containing besides UaOg as the principal constit- 
uent, a whole series of other metallic compounds. It is chiefly the merit 
of M. and Mme. Cuhie to have proved that the emission of these partic- 
ular rays, or the radio-adivityj is due to the presence of very minute 
quantities of three elements hitherto unknown and possessed of very 
remarkable properties. 

In separating these elements from the uraninite residues left after 
the extraction of uranium, their only guide was to measure the radio- 
activity of the products obtained in each operation; this was done by 
measuring the conductivity of a layer of air exposed to the rays. By 
numerous chemical operations they thus succeeded in concentrating the 
active substance. This method is quite comparable to that followed by 
Bunsen and Kirchhoff in the extraction of rubidium and csesium from 
the Biirkheim mineral water, in which the spectroscope indicated whether 
a concentration of these elements had been effected. However, the 
measurement of radio-activity is many thousand times more sensitive 
than spectroscopic observations. Were it not for this fact, it would have 
been quite impossible to discover these elements, because they occur in 
such extremely small quantities. For example, 1000 kg. uraninite 
residues from Joachimsthal yield only about 0.2 g. radium chloride. 

Radium is the best known of these elements. It is the only one 
whose compounds have been obtained in the pure state. It has a char- 
acteristic spectrum similar to those of the alkaline earths, and colors 
the Bunsen flame carmine. In its chemical behavior it shows close 
analogy to barium; it is separated from the latter element by fractional 
crystaflization of the bromides, radium bronjide being more difficultly 
soluble than the corresponding barium salt (this is true for all the respec- 
tive salts of the two elements). With the aid of the spectroscope it can be 
determined whether the salt is entirely free from barium bromide. 

The atomic weight of the radium thus purified w^as found to be 225, 
which could not be raised by further fractional crystallization. With 
this atomic weight radium fits exactly into the second group of the peri- 
odie system. All radium salts are luminous and excite a large number of 
substances, such as barium platinocyanide, BaPt(CN)i, uranyl sulphate, 
precious stones, and the like, to powerful fluorescence. The radio- 
activity of the pure bromide is about a million times that of uraninite. 

The rays emitted by radium preparations arc of three sorts and are 
distinguished aa and r-rays. They all have the above-men-> 

tioned properties in common; they differ, however, in their penetrating 
power and in their behavior in the magnetic field. The a-rays are not 
very penetrating and are only slightly deflected in a strong magnetic 
field, A sheet of aluminium leaf of but a few hundredths of a millimeter 
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in thickness is sufficient to stop their passage. The /?-rays are strongly 
deflected and consist of rays of various but greater penetrating power, 
while the ;t-rays are not deflected at all and go through obstructions 
with ease. 

The chemical effects produced by radium preparations are very re- 
markable. If a vial coiitaiiiing 5 mg. of pure radium bromide is brought 
near a solution of iodoform in chloroform, the latter soon becomes violet 
because of the separation of iodine. In the same way yellow phosphorus 
is converted into the red variety and iodic acid anhydride is split up 
into iodine and oxygen; from the aqueous solution of a radium salt 
detonating-gas is evolved; 50 mg. RaBr 2 gives off in tliis way 0.5 c.c. 
per day. Under the influence of radium rays some substances take on 
characteristic colors; glass becomes brown, potassium and sodium chlo- 
rides bliie. 

There are also peculiar physiological effects due to radium rays. 
Leaves quickly turn yellow under their influence and the germinal 
power of seeds is destroyed. Upon skin diseases they are said to have 
a therapeutic effect. 

Xo less remarkable are the phenomena which arc known as 
induced ra/lia-activity and enmnation of radium. Any body that is 
placed in the neighborhood of a radium salt becomes temporarily radio- 
active, i.e. it emits the same rays as radium itself. This induced radio- 
activity is best observed when a radium salt is introduced in a closed 
vessel. The walls of the vessel, as well as all the objects in it, are made 
active. This is not due to the radium rays, for a portion of radium 
salt inclosed in a scaled tulx; emits rays but excites no radio-activity; 
rather it is as if material particles escaped from the radium and that 
these caused the radio-activity. Rutherford has called this escaping 
substance emmaliori. This emanation spreads out into the surround- 
ing space like a gas, and the induced radio-activity which is shown by 
the bodies exposed to the emanation is produced at the expense of the 
emanation. The activating energy of the emanation diminishes con- 
stantly because of conversion into radiant energy. There is thus a 
continuous transformation of energ}’-; at the beginning we have the - 
energy, of unknown nature, which produces the emanation; at the 
end the electrical and optical phenomena which can be produced by 
the radium rays. 

Since the induced bodies emit rays identical with those of radium 
itself, the latter rays can also be regarded as a transformation-product 
of the emanation into radium itself. 

The emanation behaves in many respects like a gas; it diffuses from 
one vessel into another, is carried along by a gas current and can be 
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condensed by cooling with liquid air. This condensation, however, 
occurs suddenly at a very definite temperature (-151°); the vessel 
can then be evacuated without volatilizing the emanation; these phe- 
nomena are different from those with condensed gases. Neither 
physical nor chemical means of attack have any altering effect on the 
emanation. It is indifferent to a change of temperature from —180° 
to +500°; it is not absorl)ed by concentrated acids or alkalies and can 
be conducted over hot copper oxide without being destroyed. This 
reminds one of the behavior of the gases of the argon group. In fact 
Ramsay and Soddy have shown that there is a co7incctwn between the 
e^nanalion of radium and helium^ for the former can produce the latter, 
as the following experiment demonstrates : The maximum amount of 
emanation which could be obtained from 50 mg. radium bromide was 
conducted by means of a current of oxygen into a U-tube cooled by 
liquid air. The U-tube was then evacuated and the emanation allowed 
to pass into a spectrum vacuum-tube which was fused on to the U-tube. 
The spectrum tube did not show the helium line after the removal 
of the liquid air; the spectrum was apparently that of an unknown 
element — probably that of the emanation. After the tube had stood 
for four days, however, the helium line appeared. This most interesting 
experiment explains why helium has always been found in radium- 
bearing minerals. 

Another interesting property is the spontaneous evolution of heat which 
a radium salt shows. The heat evolved is considerable: 1 g. radium 
yields 100 gram-calories per hour. For this reason radium salts possess 
a higher temperature than their surroundings. Even when cooled 
by liquid hydrogen (-253°) this heat evolution still takes place. It is 
regarded as possible that the energy of the sun and fixed stars, as ^vell 
as the heat of the interior of the earth, is due to radio-active substances. 
As a matter of fact, a calculation has shown that the presence of 1 g. 
radium per 1000 kg. of the matter composing the sun would be suffi- 
cient to explain the entire radiation of that heavenly body. 

The source of this energy of radium is as yet just as much of a puzzl^ 
as many of the other wonderful properties of this element.' It were 
possible to suppose that the energy evolution is due to the transforma- 
tion of radium into helium, but the quantity of substance herein involved, 
even for a considerable interval of time, is extremely small, so that the 
vast amount of energy produced is very difficult to connect with it. 
As yet any speculation as to other possible explanations is premature. 

In addition to radium there are still other radio-active substances. 
Uranium and thorium are feebly active, polonium and actinium, which 
also occur in pitchblende, are strongly so. Polonium is closely allied 
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to bismuth; actinium is related to thorium and cerium. Their radi- 
ations show much analogy to those of radium; even thorium gives an 
emanation also, although very weak and of rapidly diminishing intensity. 
The elemental nature of polonium and actinium has not yet been defi- 
nitely established because of their extremely limited occurrence. The 
former substance emits only a-rays, but gives no emanation. Actinium, 
on the contrary, produces strong induced activity and yields consider- 
able emanation. 

Air that has been for a long time shut up in cellars and caves acquires 
an abnormally high conductance, which is ascribed to radio-activity. 
Moreover, the soil and thermal springs give out an emanation which is 
identical with that of radium. It seem.s likely that this rises from the 
depths of the earth, where it may be generated by some radio-active 
substance or other occurring there. 

MANGANESE. 

301. This element is widely diffused in nature. Its most im- 
portant minerals are pyrolusite, Mn02, hausvmnnite, Mn304, and 
rhodochrosite^ MnCOa- 

The metal is of minor importance. It is best' prepared 
by the Goldschmidt method.. i,e. by reducing pyrolusite with 
aluminium powder, when it is obtained as a regulus of brilliant 
lustre. Sp. g. = 7 . 2 - 8 . 0 . It undergoes surface oxidation readily 
in moist air, which gives the regulus an iridescence, and when 
finely divided decomposes boiling water. It dissolves irr acids to 
form manganous salts. 

Manganese forms several series of compounds: the manganms 
compounds of the type MnX2; the manganic compounds, MnXs; 
Tnanganic acid, H2Mn04, which can be derived from an anhydride 
MnOs; permanganic acid, HMn04 derivable from the oxide Mn207 
^^Iost of the familiar salts of this element are derived from man- 
ganous oxide, MnO. This oxide, which is prepared by heating the 
carbonate in the absence of air, is an amorphous green ppwder, that 
oxidizes readily in the air to the higher oxide Mn304. Manganous 
hydroxide, Mn(OH)2, is white when freshly precipitated from solu- 
tions by an alkali but soon turns brown in the air because of the 
formation of manganic hydroxide, Mn2(OH)5. 

The solutions of manganous salts are pink (color of the Mn"- 
ion). The chloride, MnCl2; crystallizes with four molecules of 
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water. It can be obtained anhydroiis by heating the double salt 
MnCl2'2NH4Ci-i-H20; since the hydrochloric acid set free hinders, 
the hydrolytic dissociation of the chloride. The sulphate, MnS04, 
crystallizes below 6 ° with 7H2O, above this temperature with 
5H2O. It forms double saltSj such as K2S04- MnS04+6H20, simi- 
lar to those of magnesium and iron; they are moreover isomor- 
phous with the latter. 

Manganous sulphide, MnS, has a pinkish-white color, which 
distinguishes it from all other sulphides. 

If ammonium chloride is added to the solution of a manganese 
salt, no hydroxide is precipitated by ammonia; this is analogous 
to what is observed with magnesium (§ 254 ). The solution is, 
however, readily oxidized by the oxygen of the air and brown 
manganic hydroxide is deposited. 

The manganic ion Mn*** is only weakly basic. Its^ salts are 
almost completely hydrolyzed in aqueous solution. The sulphate 
gives alums with csesium and rubidium sulphates, which are also 
very unstable. 

Manganic oxide, Mn203, is obtained from any of the other 
oxides by heating in an oxygen current. Since dilute sulphuric 
acid reacts with it, giving manganous sulphate and nianganese 
dioxide, the oxide Mn203 is often considered as MnO * Mn 02 . The 
corresponding hydroxide is soluble in cold, [hydrochloric acid to a 
dark-browji solution. It is not certain whether this solution con- 
tains Mn2Cl6 or MnCl2 and MnCb; on being warmed it gives off 
chlorine and is then known to contain the manganous chloride. 

Mangano-manganic oxide, MnsOi or Mn0’Mn203, is obtained 
on strongly igniting the other oxides in the air. It is a brownish- 
red powder. When heated with hydrochloric acid it yields chlorine. 

Manganese di- (or per-) oxide, Mn02, fhe best-known man- 
ganese mineral {pyrolusite) , is commercially of great importano# 
in the production of chlorine. In the cold it dissolves in hydro- 
chloric acid to a very dark liquid, probably containing the tetra- 
chloride, and gives off no. chlorine; when warmed it decomposes 
into chlorine and manganous chloride (§ 25 ). 

Since pyrolusite is comparatively expensive, various methods 
have been devised for reconverting the manganous chloride into 
the peroxide. One which is of practical importance is the WEiiDOK 
process. An excess of milk of lime is added to the chloride solution, 
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whereupon air is forced through the warmed liquid. The manganous 
hydroxide which is precipitated undergoes oxidation and is con- 
verted into calcium manganite, CaMnOa (=Ca0'Mn02), which 
settles down as a black slimy mass: 

MnCIs + 2CaO + 0 = CaMnOg + CaCla- 

The calcium chloride solution is run off and the manganite is used 
for generating chlorine, since it acts towards hydrochloric acid like 
a mixture of lime and manganese dioxide. 

The value of the peroxide depends on the amount of chlorine 
it can produce with hydrochloric acid. In order to determine this, 
the mineral, finely pulverized, is warmed wfith hydrochloric acid 
and the evolved chlorine passed into potassium iodide solution, 
whereupon an equivalent amount of iodine is liberated. This 
iodine can be titrated with thiosulphate (§ 93). 

Manganic acid and Permanganic acid. 

When manganese compounds are fused with potassium hy- 
droxide in the air or, better, in the presence of an oxidizing-agent 
(potassium nitrate or chlorate) a green mass results, which is dis- 
solved by cold water, forming a dark-green solution. On evaporat- 
ing this solution in a vacuum dark-green rhombic prisms of potas- 
sium manganate, K2Mn04, crA^stallize out, which have a metallic 
lustre and are isomorphous with potassium chromate. They 
dissolve in jjotassium or sodium hydroxide solutions without 
change, but are decomposed by water with the separation of man- 
ganese dioxide and the formation of potassium permanganate^ 
KMti04, the latter giving the solution a deep violet color: 

SKgMnOi + 3H2 O = 2KMm 04 + MnOa • HgO -f- 4KOH. 

On account of these changes of color the manganate solution 
received the name chamcBleon minerale, from the early chemists. 

Both in the solution of a manganate and in that of a perman- 
ganate^ we have the anion Mn04; in the former, howevef, it is 
bivalent, in the latter univalent. This causes the difference in 
the properties of the two ions; the univalent ion Mn04' is deep red 
and resemble the perchloric acid ion in behavior, while the bivalent 
Mn04'' is deep green and displays analogy to the SO4'' ion of 
sulphuric acid. The bivalent ion Mn04" is only stable in alkaline 
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liquids; it is converted by water (more easily by acids) into the 
univalent ion: 

SKgMnOl + 4HNO3 = 2IOIn04 d-MnOa + 4KNO3 + 2H2O, 

or, written in ions: 

6 IC + 3 Mn 04 '' + 4 H* + 4 NO/ - 2 K' 

+2Mn04^4-Mn02-V4r +4N03'+2H20. 

The reaction obviously amounts to a formation of water by the 
four hydrogen ions and two oxygen atoms which they extract from 
a bivalent anion Mn04", the latter being reduced to MnO^. Of 
the four negative charges which are required to neutralize the four 
positive charges of the hydrogen ions two are taken from this Mn04 
anion, which is reduced to M11O2, and the remaining two from two 
other bivalent anions Mn04", which thus become univalent. The 
transformation of potassium mangariate into the permanganate is 
effected commercially by passing ozone into its concentrated solution : 

2K2^^n04+03 = 2KMn04+K20+02. 

The ])ermanganate crystallizes out of the solution and the resulting 
mother-liquor can at once be used with a fresh quantity of pyrolusite 
to prepare more manganatc. 

Potassium permanganate, KMn04, crystallizes in beautiful 
glistening greenish-black prisms of the rhombic system, which 
dissolve readily in water, forming a deep-violet liquid. This salt 
is isomorphous with potassium perchlorate. All solutions of per- 
manganates display the same absorption spectrum, viz., five dark 
bands in the yellow and green, no matter what the base is. It is 
thus evident that the ion Mn04' is really the coloring-agent. 

The solution of potassium permanganate acts as a powerful 
oxidizing-agent; in acid solutions tW'O KMn04 molecules yield 
five oxygen atoms: 

2KMn04+ 3H2SO4 = K2SO4+ 2MnS04 + SHzO + 50 . 

The prodss may be regarded as a transformation of the anhydride 
of permanganic acid, Mn207('2HMn04— HgO), into two mole- 
cules of basic oxide, MnO, and five atoms of oxygen; thus: 
Mn207=2Mn0 + 50. 

In neutral or alkaline solutions, however, two KMn04 molecules 
yield only three atoms of oxygen, manganese peroxide being 
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deposited at the same time (transformation of Mn207 into 
2Mn02+30): 

2iain04 + H2O = 2Mn02 + 2K0H + 30. , 

Since in oxidations with potassium permanganate in acid solu- 
tion the deep color of the permanganate is replaced by the very 
faint color of manganous sulphate, many substances can be titrated 
with potassium permanganate in acid solution without an indi- 
cator. Ferrous sulphate is oxidized to ferric sulphate; oxalic 
acid goes over into carbon dioxide and water; nitrous acid in very 
dilute solutions is converted into nitric acid (§ 126) ; from hydrogen 
peroxide water and oxygen gas are formed. All these reactions 
proceed quickly and quantitatively at ordinary temperatures so 
that they are suitable for titration. 

Permanganic acid is known only in aqueous solution; however, its 
anhydride, Mn20y, can be obtained. It is prepared by carefully treat- 
iiig dry permanganate with concentrated sulphuric acid. It is a vola- 
tile, brownish-green, oily liquid, whose vapor explodes easily, yielding 
oxygen and manganese dioxide. 

Manganese occupies an isolated position in the periodic system. 
Xo elements are known which are related to it as the elements 
Mo, \\ and I are to chromium. Moreover, only in its highest 
stage of oxidation, permanganic acid, does It display analogy with 
the corresponding chlorine compound, HCIO4. The salts of both 
acids are isomrophous and both are powerful oxidizing-agents. 

IRON. 

302. Iron is the most useful metal, and is therefore prepared 
commercially on an enormous scale (47,000,000 metric tons in 1903) . 
It occurs only rarely native, e.g. in meteoric rocks. In the form 
of oxides, sulphides and silicates it is widely diffused in nature and 
Is found in very large quantities. The most important minerals for 
the iron industry are magnetite, Fe304, hematite, Fe203, and sideriie, 
FeCOg. 0 he jnjrites (FeS2, etc.) are worked up into iron after they 
have^een roasted in the sulphuric acid factories. 

The metallurgy of iron is theoretically very simple; it Is based 
on the ability of carbon to reduce the oxides of iron to the metal 
at an elevated temperature. This process (smelting) is car- 
ried out in blast furnaces. 
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The iron ore is first roasted (calcined) to remove volatile 
substances (H 2 OJ CO 2 , S, As, etc.) and loosen up the mineral. 
Then it is crushed and mixed with a slag-forming substance 
{flux, see § 242), according to the grade of the ore. If the gangue, 
or earthy matrix, contains much silica or alumina, limestone or 
dolomite is employed as the fluxing-agcnt, but ores rich in lime 
or magnesia are mixed with quartz or aluminous ore to effect the 
necessary fusion and formation of slag (silicates of Al, Mg and Ca). 

The blast furnace, previously warmed to the proper tempera- 
ture or already in operation, is charged from above with alternate 
layers of coke and the mixture of ore and flux, both being intro- 
duced in rounds,” or “charges,” of definite weight. (Sometimes 
charcoal or anthracite is used as 
fuel.) The modem furnaces (Fig. 

77) are built of fire-brick encased 
in iron and are of much lighter 
construction than those formerly 
used. They vary greatly in size 
but consist mainly of a long shaft 
tapering towards both ends. In 
order to utilize the escaping hot 
gases (CO, etc.) an apparatus 
(“cup and cone”) is fitted on 
the top to conduct them off and 
also allow the introduction of the 
charge. The air necessary for the 
process is forced in, hot, through 
pipes (twyers) at the bottom of 
the furnace. The burning coke 
produces carbon monoxide, which 
is the principal factor in the 
reduction of the ore: 

Fe203+3CO=2Fe+3CO2. 

The reduced iron sinks down- 
ward and comes in contact with 
carbon at a high temperature; as 
a result some of the carbon Is 

dissolved by it and its melting- Fig. 77.— Blast Furnace. 
point considerably depressed. When a definite stage is reached 
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the fused iron is drawn off below. It is protected from atmos- 
pheric oxidation by the slag floating on it. 

The attempt to extract iron from its ores by electrical means 
has met with success. Stassano calculates on the basis of the 
analysis of the ore the additions which will be necessary to yield 
a slag as nearly as possible of the composition Si02 + 4 Base, com- 
presses the finely powdered material to briquetts with the aid of 
tar in hydraulic presses, and smelts it in a specially constructed 
electric furnace. 

303. It was stated above that the waste furnace-gases contain a con- 
siderable quantity of carbon monoxide; therefore a large amount of heat 
is lost, which could be utilized by burning the monoxide to dioxide. 
Supjxjsing that this incomplete reaction was due to an incomplete con- 
tact of carbon monoxide and ferric oxide, manufacturers increased the 
dimensions of the blast furnaces, particularly in England and America, a 
height of thirty meters being not uncommon. The ratio of carbon mon- 
oxide to the dioxide in the escaping gases was not affected however; it 
was thus demonstrated by very expensive experience that the reduction 
of ferric oxide by carbon monoxide has a limit. A study of the laws of 
chemical equilibrium would have led to this conclusion much more 
quickly and above all much less expensively. These laws teach us that; 

1. In the reduction of ferric oxide by carbon monoxide an equilibrium 
is established between this action and the oxidation of iron by carbon 
dioxide. 

Fe203+3C0^2Fe+3C02. 

2. The ratio CO : COj must be independent of the pressure, since no 
change in the volume of the gas takes place (§51). 

3. This ratio varies only slightly \vith the temi)erature, since very 
little heat is generated in the reaction. 

An experimental investigation conducted at a few different tempera- 
tures and pressures would have sufficed to determine the ratio CO: CO,. 
The result, when compared with the ratio COiCOj of the waste gases, 
would thus have shown that little could be gained by an increase of the 
furnace dimer isi on s. This illustrates in a very striking way the value of 
physical chemistry for industrial processes. 

Efforts are now Iwing made to utilize the waste gases in other ways, 
such as by burning them under the boilers of steam engines or in wind 
heaters (for heating the blast air, or “wind”). In recent years it has 
been found that greater efficiency is attained by using the hot waste* 
gases directly in gas engines for motive-power. 
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304. The properties of iron are influenced in great measure 
)by the slight admixtures which it contains^ particularly by the 
carbon. The percentage of carbon forms the ordinary basis of 
Classification of the different grades of iron under the heads, pig 
iron and malleable iron; however, in the industrial world this 
classification is not always adhered to. 

Pig iron, or cast iron, contains 2.3~5.1% carbon. It fuses very 
easily but there is no previous softening; hence it is not malleable. 
It is brittle. Pig iron is the direct product of the blast furnaces 
and the iron is therefore mixed with small amounts of silicon, phos- 
phorus, sulphur, etc. The presence of manganese makes it coarsely 
crystalline and it is then known as spiegelrcisen. This is utilized 
mainly for steel. 

Malleable iron, containing less than 2.3% carbon, is harder to 
fuse, but is extensible and malleable, and the more so the less the 
impurities. If the carbon amounts to 2.3-0.5%, the iron can be 
hardened; in this manner steel is obtained. If there is less than 

0. 5% carbon, it can no longer be hardened; this is wrought iron. 
It is obvious that between these main varieties there are numerous 
intermediate sorts, wliich are prepared in such a way as to suit the 
purpose for which they are intended. 

The inimeiise technical importance of the system iron-carbon has led 
to extensive investigations regarding it. Most notable among these are 
the theoretical studies of Roozeboom and the experimental work of 
Hoberts-Austev. 

It is now customary to distinguish between the following varieties: 

1. ferrite, or chemically pure iron; 2. martensite (hard steel), a solid 
solution (§260) of carbon in iron; 3. ceinentiie (the commercial w^hite 
cast iron), an iron-carbon compound of the formula FCgC; 4. perlite, car- 
boniferous iron of heterogeneous texture, but yet of constant composi- 
tion (the eutectic mixture of ferrite and cementite). 

In order to understand the genetic relation of these components it is 
necessary to recall the discussion regarding the eutectic point (§237). 
We saw there that when a substance B is added to a substance A in 
gradually increasing amounts the normal course of the freezing-point 
curve of the mixture is as follows: At first the freezing-point of A is 
depressed; i.e., in the graphic representation (Fig, 78), the freezing- 
point moves downward along the curve AE. That which separates out 
ill solid along this curve is the pure substance A. On continued addition 
of B we reach the eutectic jwint E; here the whole mixture solidifies 
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to a mixture of A and B, just as if it were a simple substance. If 
still more B is added the freezing-point then rises, moving along the 
curve EB till at B it reaches the melting-point of the pure substance B. 
Substituting iron for A and carbon for B, we should have under normat 
circumstances a freezing-point curve like that just described; A would 
be the melting-point of iron and B that of carbon. 

There are two circumstances, however, which make the state of 
affairs much more complicated in the system iron-carbon. In the first 
place, that which separates out of the molten mass is not pure iron, but 



martensite; secondly, further changes take place in the solid mass on 
being cooled below the temperature of solidification. 

It is found, with reference to the first complication, that at the eu- 
tectic point Ef which lies at 1130® and 4.3% carbon, the solid mixture is 
not pure iron and carbon but martensite (with about 2% C) and carbon 
in the form of graphite. Along AE also martensite separates out; 
along BE graphite is deposited. 

The eutectic (solid) mixture \\ith 4.3% C cannot be obtained, how- 
ev^: (a^nd here the second cause of complication shows iteelf), because 
it TWde^KOel complete or partial transformation during either slow or 
rapid codling. The position of the eutectic point is determined by extra- 
polation. 'As far do\fe as 1000® this transformation consists simply in 
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a separation of a little carbon out of martensite, the carbon percentage 
of this solid solution falling from about 2,6% to about 1.8%. At 1000®, 
however, a more fundamental change takes place, viz., the formation of 
cementite, FcjC, The carbon, instead of being in solid solution, enters 
into chemical combination. Below 1000°, therefore, the system consists 
of a conglomerate of martensite and cementite, to which under certain 
circumstances graphite may be added. 

At 690°, finally, the last well-defined transformation occurs. By 
the formation of cementite the carbon content of martensite is reduced 
to 0.85%; thereupon this solid solution begin§ to deposit pure iron 
(ferrite); cementite, Fe^C, is formed, too; and the transformation of 
martensite into these two substances is complete. The resulting mixture 
is perlite. 

It is evident from the preceding that with slow cooling martensite 
entirely disappears. However, if the cooling is sudden, as in the har- 
dening of steel, martensite can be brought to exist at ordinary temper- 
atures, though in the metastable condition; but its velocity of transforma- 
tion is then extremely small If this hardened steel is heated again it 
goes back partially into the soft conglomerate of ferrite and cementite* 
This is what occurs in tempering the steel (p, 455). 

Small admixtures of other elements have an effect on the 
properties of iron equally as great as that of carbon. The presence 
oi silicon has about the effect as that .of carbon, but it is 
less intense. Sulphur e^n in a small amount renders the iron 
brittle when hot and, therefore, useless for forging. On this 
account sulphurous ores as such are unsuitable for the manu- 
facture of iron. Phosphorus makes the iron brittle at ordinary 
temperatures. It should also be mentioned that as a general rule 
the effect of these admixtures is strongly modified by the pres- 
ence of others. 

305 . From the crude pig iron, the direct product of the blast 
furnace, the other varieties of iron are prepared. For this purpose 
it must be freed from silicon, sulphur, phosphorus, etc., as well 
as from a large portion of its carbon. The most important process 
for accomplishing this commercially is the Bessemer process. The 
pig iron is fused and run into a pear-shaped apparatus, or covr 
verier (Fig. 79), in the bottom of which are holes through which 
air is blo^ in. , Thus by the oxidation of silicon, manganese 
and a little iron and without the use of fuel the temperature is 
raised high enough to effect the burning of the carbon. The Bes- 
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SEMER process is easier controlled if the elimination of carbon Ls 
continued past the steel stage and until molten wrought iron is 
formed, whereupon enough carboniferous iron is added to furnish 



the desired percentage of carbon. At the completion of the proce.ss 
the converter is emptied by tipping. 

An objection to the Bessemer process in its original form was 
that the phosphorus was not removed. The small amount of 
phosphorus present in iron might indeed be burned but the large 
amount of molten iron would at once reduce it back to phos- 
phorus or to iron phosphide. This fault was corrected by an 
improvement devised by Thomas and Gilchrist. The interior 
lining {a be, Fig. 79) consisted originally of nothing but refrac- 
tory materials (ganister), rich in silica. This acid lining was 
replaced by them with a basic lining, consisting of clay and silica 
mixed with lime and magnesia and, in addition, lime was throu’ii 
into the converter with the pig iron. The phosphorus pentoxicle 
produced by the combustion unites with the lime and magnesia 
and the phosphates are no longer reduced by the molten iron, As 
a by-product a slag (Thomas slag) is thus obtained, consisting of a 
basic phosphate, which, when ground very finely, is found to ha^'o 
great value as a fertilizer. It is brought on the market in enormous 
quantities. 
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The only successful rival of the Bessemer process is the Siemens, or 
cpcn-hearth, process. By employing a special furnace and gaseous fuel a 
mixture of cast iron and wrought iron (together with some iron ore) in the 
proper proportions can be fused together so as to produce a very good 
steel. A basic lining can also be used wth this process., 

The production of wrought iron from pig iron is usually accomplished 
by the puddling process. Pig iron is melted in a reverberatory furnace 
lined with iron ore (oxide) ; the carbon and also the silicon are oxidized 
(and so removed) partly by the action of the air, but mainly by that 
of the ore, which is stirred in with the metal. The violent reaction due 
to escaping carbon monoxide gives the process the name of “ pig-boiling. 
The iron is then allowed to become pasty, when it is worked up into 
large masses (blooms), which are removed and hammered and rolled. 
'Hie cinder is thus squeezed out and the iron is formed into bars. 

Efforts have been made to enhance certain properties of steel, 
which are valuable for particular purposes, by adding small amounts 
of other metals. A few of the results may be mentioned. The max- 
imum hardness of steel is reached when it contains 1-2% carbon. 
If, however, some manganese (up to S%) or chromium (up to 1%) 
is added, a much harder ipodification of steel is produced. The 
addition of nickel or aluminium makes wrought iron more malleable 
and elastic; as high as 3% nickel is sometimes added. The tough- 
ness of nickel steel makes it especially valuable for armor plate. 
Tungsten (c/. § 297) and molybdenum are also added for different 
purposes. 

Further, the mode of manufacture can have great influence on 
the properties of iron. Steel, for instance, becomes very hard and 
brittle when it ls suddenly cooled from a high temperature. If, 
however, it is then heated for a definite jjeriod and allowed to cool 
slowly, it becomes more or less tempered according to the tempera- 
ture, i.c. it can be made to have any desired hardness and elas- 
ticity (within certain limits). 

Chemically pure iron is obtained by reducing the oxide or 
chloride in a current of hydrogen. If the reduction takes place 
at a low temperature, the resulting iron powder is pyrophoric 
(§ 203). It is a silvery-white, lustrous metal with a specific gravity 
of 7.84 and a melting-point as high as 1600°. It is the most mag- 
netic of the metals; pure iron and wrought iron can be magnetized 
only temporarily, steel, however, permanently. Iron is permanent 
in dry air or in water free from air (CO 2 ). In moist air it rusts 
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rapidly (§ 279), forming ferric hydroxide; as the rust does not form 
a compact film, it keeps on forming. 

The rusting of iron is greatly retarded by contact with water contain- 
ing a little alkali or salts of alkaline reaction. In a soda solution, for 
instance, iron remains bright. The rusting of iron in contact with 
water can be explained by assuming that the oxygen dissolved in water 
endeavors to form hydroxyl ions \vith the hydrogen ions. In order to 
compensate their negative potential the iron sends its positive ions’ into 
the solution; in a short time the solubility product of ferric hydroxide 
is reached and the latter is deposited; in other words, the iron rusts. 

Now, if hydroxyl ions are previously introduced into the liquid by 
the addition of a base or a salt of alkaline reaction, the ionization of the 
water is diminished so much that the oxygen can find almost no hydro- 
gen ions \nth which to form hydroxyl ions; therefore the iron does not 
send any more ions (§§270 and 277) into the solution and 'rusting is 
greatly retarded. 

Iron dissolves readily in hydrochloric and sulphuric acids with 
the evolution of hydrogen. At red-heat it decomposes w^atcr, but 
the oxide is also reduced by hydrogen, so that an equilibrium 
results: 

3Fe -f- 4 H 20 <^Fe 304 -f* 4 H 2 . 

In nitric acid (not too concentrated) iron dissolves readily with 
the evolution of nitric oxide, NO, but if the iron is first dipped 
in concentrated nitric acid and then rinsed off it becomes indif- 
ferent to the action of nitric acid. A thoroughly satisfactory ex- 
planation of this so-called “passivity” of iron has not yet 
been given. 

Iron forms two sets of salts, the jerrous and the ferric. 

Ferrous Compounds. 

306 . In the ferrous condition iron has only b^ie properties. 

Ferrous oxide, FeO, is obtained by reducing ferric oxide with 
carbon monoxide. It is a black powder, which oxidizes easily 
on warming. Ferrous hydroxide, Fe(OH)2, is precipitated from 
ferrous salt solutions as a pale green gelatinous substance by the 
addition of an alkali; it oxidizes very rapidly in the air to fenic 
hydroxide. 

Ferrous chloride, FeCl2, is formed on dissolving iron in hycho- 
chloric acid; it crystallizes from this solution in green monocliio^ 
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prisms containing four molecules of water. The anhydrous salt 
is obtained as a white sublimate when iron is heated in dry hydro- 
chloric acid gas. With potassium chloride and ammohium chlo- 
ride ferrous chloride forms well crystallized double salts, e.g. 
FeCi2-2KCl-{-2H20. ' 

Ferrous sulphate, FeS04-l-7H20 (green vitriol, copperas), is the 
most familiar ferrous salt. It is prepared commercially, princi- 
pally by dissolving up the waste metal of steel-wire factories in 
sulphuric acid, but also by partially roasting pyrite, whereby fer- 
rous sulphide, FeS, is formed; the latter is left exposed to the air, 
when it oxidizes gradually to ferrous sulphate, which can be dis- 
solved out. It crystallizes in large, bright green, monoclinic prisms, 
which effloresce slightly and at the same time become coated with 
a brown layer of basic ferric sulphate. The double salts such as 
FeS04*(NH4) 2804+61120, Moim’s salt, are not so liable to oxi- 
dation; for this reason use is frequently made of Mohr’s salt 
to standardize permanganate solutions (§ 301). Iron vitriol has 
numerous uses, e.g. for making ink, in dyeing, as a disinfectant 
(it absorbs both ammonia and sulphuretted hydrogen and is there- 
fore used to dispel bad odors), etc., etc. 

Ferrous carbonate is somewhat soluble in water containing 
carbonic acid and is therefore often present in natural waters 
(§ 17). The basic carbonate which is precipitated from a ferrous 
solution by soda oxidizes rapidly in the air to ferric hydroxide. 
The latter is also deposited from chalybeate waters on standing in 
the air for a time. Ferrous carbonate is only known.as a mineral 
(siderite, § 302). 

Ferric Compounds. 

307. The ferric ion has only very slightly basic properties. 
Ferric salts of weak acids, such as carbonic acid, do not exist. In 
aqueous solution most of the ferric salts, even those of strong 
acids, are partially hydrolyzed. For that reason they are bro^sm- 
ish-red, since this is the color of ferric hydroxide in colloidal solu- 
tion. On the additiop of an excess of sulphuric or nitric acid this 
color disappears, because there is no longer any hydrolysis. From 
this it appears that the ferric ion itself in aqueous solution is only 
slightly colored. The ferric salts are readily converted into ferrous 
salts by reducing-agents. 
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Ferric oxide, Fe203; iron sesquioxide, is formed on heating 
various iron compounds in the air and is manufactured by igniting 
green vitriol (§ 79). It is a dark-red powder and finds use as a 
pigment {colcothar) and in polishing glass, etc. 

Ferric hydroxide separates out as a reddish-brown hydrogel, 
Pe2U3+nH20, when a ferric salt solution is treated with an 
alkali. The freshly precipitated hydrogel dissolves in a solution 
of ferric chloride or acetate. If this solution is dialyzed, a pure 
colloidal solution of the hydroxide Ls finally obtained; from this 
the hydrogel is reprecipitated by a small amount of alkali or 
acid. 

Ferrous ferric oxide, Fe304, also called ferroso-ferric oxide or 
magnetic iron oxide, occurs in nature as magnetite. It is produced 
by heating iron in steam (§ 305). 

Ferric chloride is obtained by passing chlorine into a solu- 
tion of ferrous chloride. It crj'stallizes at different temperatures 
witli different amounts of water, being an example of the case 
described on p. 335. (hi heating the salt hydrochloric acid escapes 
with the water of crystallization. Anhydrous ferric chloride can 
be prepared by heating iron in a current of dry chlorine. 

Between 320"^ and 440° the vapor density is approximately that 
calculated for Fe^Cls; between 750° and 1050° it falls to half, 
indicating a splittmg off of chlorine or a dissociation into 2Fe(’l3. 

The reddish-brown color of the aqueous solution of ferric chloride 
must be ascribed chiefly to un-ionized FeCla molecules, for the salt 
has this same color when dissolved in ether, in which no ioniza- 
tion occurs. In part, also, tliis color comes from ferric hydroxide, 
which is formed by hydrolytic dissociation. This dissociation 
increases on warming the dilute aqueous solution, for a very dilute, 
almost colorless solution of ferric chloride turns reddish-brown on 
boiling. When cooled the liquid gradually resumes its original 
color. 

Ferric sulphate, obtained by dissolving ferric oxide in sulphuric 
acid, forms alums, e.g. potassium iron alum, K2S04*Fe2(S04)3+ 
241120 . 

When a ferrous salt is converted into a ferric salt in aqueous 
solution the bivalent ferrous ion is transformed into a trivalent 
ferric ion. The oxygen required for the conversion serves to 
oxidize the hydrogen ions of the acid (which must be added) to 
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water, whereupon these hydrogen ions surrender their charge to 
the iron ions: 



Inversely, the, reduction of ferric salts to ferrous salts can be 
explained by supposing that every ferric ion gives up a third of its 
charge to another atom and thus makes the latter an ion or neu- 
tralizes its charge. 

Salts of iron are also known which are derived from the hypothetical 
oxide FeOy They are obtained by heating iron filings with saltpetre or 
passing chlorine into an alkaline suspension of the ferric oxide hydrogel. 
From such solutions potassium ferrate, KjFeOi, crystallizes out in dark- 
red prisms, isomorphous with the chromate and sulphate of potassium. 
These crystals are readily soluble in water, but their dark-red solution 
soon decomposes with the separation of ferric hydroxide and oxygen 
gas. The free ferric acid is unknown. 

308. Iron unites with cyanogen to form complex and 
unusually stable anions, viz., the ferrocyanic ion [Fe(CN)ey'" and 
the jerricyanic ion [Fe(CN)6]'". Their best-known salts are potas- 
sium ferrocyanide, K4Fe(CN)6'3H20, and potassium ferricyanide, 
K3Fe(CN)6, the yellow and red prussiatea of potash, 
respectively. The ionization of the complex ions themselves is so 
slight that they give none of the ordinary reactions for iron. 

For the commercial manujadure oj yellow prussiate oj potash. 
two processes are used; In the first, animal refuse (e.g. blood) 
is charred, yielding a black, highly nitrogenous mass. This Ls 
ignited with potash and iron filings. After cooling, hot water is 
added and the mixture filtered; from this filtrate the yellow 
prussiate crystallizes out on standing. This salt is not formed 
until the ignited mass is treated with water, for yellow prussiate is 
decomposed by heat and cannot therefore be present in the ignited 
mass. The latter probably contains potassium cyanide, iron and 
iron sulphide (animal refuse always contains sulphur compounds). 
These substances can interact according to the equations: 

6KCN-f-FeS -K4Fc(CN)64-K2S; 

2KCN-1-Fe+H20 =Fe(CN)2+2KOH+H2; 

Fe(CN)2+4KCN=K4Fe(CN)6. 
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The second process is employed in illuminating-gas factories, 
for the unpurified gas contains a little cyanogen and prussic acid. 
After being freed from tar and ammonia it is passed through a 
washer (scrubber) containing a solution of potash in which ferrous 
carbonate (ferrous sulphate + potassium carbonate) is suspended. 
The following reactions, among others, are known to go on here: 
FeCOa + 2 HCN^Fe(CN) 2 -f HgO + CO 2 ; 

K 2 CO 3 + 2HCN^2KCN + HgO + COg. 

Notwithstanding that these reactions are reversible, the hydro- 
cyanic acid can be quantitatively fixed in this way, because the 
ferrous cyanide and potassium cyanide interact to form potassium 
ferrocyanide, which is but very slightly afifcctcd by carbon dioxide. 

Potassium ferrocyanide, K4Fc(CN)6-3H20, forms large sulphur- 
colored crystals. Its three molecules of water can be expelled by 
gently warming, whereupon the salt is left as a white powder. It 
is not poisonous. With dilute sulphuric acid it produces prussic 
acid on warming; with concentrated sulphuric acid it yields 
carbon monoxide. 

The free ferrocyanic acid, rr 4 Fe(CN) 6 , separates out as a white 
crystalline precipitate when concentrated hydrochloric acid is 
added to a strong solution of potassium ferrocyanide. The pre- 
cipitate soon turns blue in the air on account of the formation of 
Prussian blue (and partial decomposition as well). Various salts 
of this acid have characteristic colors and are insoluble; hence 
potassium ferrocyanide finds use in analysis. It is an interesting 
fact that this compound of iron can serve as a distinguishing 
reagent for ferrous- and ferric compounds. The ferrous salt of 
ferrocyanic acid is white, but in the presence of air it passes rapidly 
over into the blue ferric salt {Prussian h^e — a valuable pigment). 
The copper salt (§ 40) is brownish -red, the zinc salt white, etc. 

Sodium nitroprusside, Na 2 Fe(CN) 5 (NO) - 2 H 2 O, is formed by 
the action of nitric acid on sodium ferrocyanide. It crystallizes 
in ruby-red prisms and is a delicate reagent for alkali sulphides, 
whose solutions it colors violet. 

Potassium ferricyanide, K 3 Fe(CN) 6 , red prussiate of potash, is 
formed from the yellow pru.ssiate by treating a solution of the 
latter with chlorine or bromine: 

K4Fe(CN)6 +C1 = KCI -fK3Fe(CN)6. 
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It appears in dark-red crystals, which are readily soluble in water. 
The aqueous solution is unstable. The salt is often employed as an 
oxidizing-agent in alkaline solution, being itself converted into 
the ferrocyanide: 

2K3Fe(CN)6+2K0H=2K4Fe(CN)6+H20+0. 

Iron forms some very peculiar compounds with carbon monoxide: 
Fe(CO)4 and Fe(CO)5. They are produced when carbon monoxide is 
passed over finely divided iron at 80 "^, or at ordinary temperatures if 
the gas is under pressure. Iron vessels which have held compressed 
illuminating-gas !or some time are more or less attacked by the carbon 
monoxide of the gas, for if gas which has been kept in such a vessel is 
allowed to escape through a hot glass tube an iron mirror is formed on 
the inside of the tube. 

COBALT AKD NICKEL. 

Cobalt. 

309. The two best-known minerals of this metal are maliite, 
C 0 AS 2 , and cohaltiie, or cobalt glance, CoAsS. The metal is ob- 
tained by calcining these minerals and reducing the resulting 
cobalto-cobaltic oxide, C 03 O 4 , with carbon (or hydrogen). It has 
a pink color and a high lustre. Sp. g. 8.9. It is magnetic but 
much less so than iron. It is indifferent to the air. Hydrochloric 
and sulphuric acids dissolve it very slowly, but it readily forms a 
nitrate with nitric acid. 

Besides the oxide, C03O4, just referred to there are two others, 
cobaltous oxide, CoO, and cobaltic oxide, C02O3. The salts are all 
cobaltous, corresponding to the bivalent ion Co*‘. 

COBALTOUS COMPOUNDS. 

The solutions of the salts are red; hence this is the color of 
the cobalt ion. The non-ionized cobalt salts are blue, e.g. the 
anhydrous C0CI2, the silicate, etc. This difference in color enables 
us to tell readily whether a cobalt salt in solution is ionized or 
not. Thus in concentrated solutions, for instance, all those cir- 
cumstances which reduce the ionization cause a change of color 
from red to blue, e.g, when a concentrated cobalt chloride solu- 
tion is warmed or treated with hydrochloric acid. That the ioni- 
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zation is diminished by warming was mentioned in connection with 
cupric chloride (§ 244 ). 

Cobaltous chloride, C0CI2 • 6H2O; forms red monoclinic crys- 
tals, which turn blue on heating because of dehydration. Cobalt 
sulphate, CoS04'7H20, is obtained in dark-red monoclinic prisms 
and is isomorphous with FeS04‘7H20. It forms double salts 
with alkali sulphates, c.g. K2S04- 00804 + 1)1120. Cobalt nitrate, 
Co(N 03)2 -61120, appears in red hygroscopic prisms. Cobalt sili- 
cate is very deep blue; hence its use for coloring glass. Pulverized 
cobalt silicate serves as a pigment {smalt) in painjing, etc. Tiie- 
xaud’s blue is a pigment, obtained by igniting cobalt salts with 
alumina. 


COBALTIC COMPOUNDS. . 

310. Cobaltic oxide, C02O3, is obtained by igniting cobalt 
nitrate. It is a black powder, which passes over into cobalto- 
cobaltic oxide, C03O4, at red heat and at white heat yields cobaltous 
oxide. It has the character of a i)croxide; for by the addition of 
sulphuric acid it is converted into a colmltous salt with the evolu- 
tion of oxygen and it yields chlorine with liydrochloric acid. How- 
ever, in cold dilute hydrochloric acid it dissolves without generat- 
ing scarcely any chlorine. 

Like iron, cobalt also forms complex ions, of which those with 
cyanogen are very stal)le. There are cobalt salts corresponding in 
composition to the yellow and the red prussiates of potash; the 
salt K 3 Co(CX) 6 , potassium cobalticyanide, crystallizes in colorless 
rhombic prisms. A jjeculiar complex ion occurs in the potassium 
cobaltic nitrite, 6KN02'Co2(N02)6 + nH2(), or K3 Co(N02)6 + 
nH 20 . It is fonned on treating a solution of a cobalt salt with 
potassium nitrite and acetic acid. It is a yellow crystalline pre- 
cipitate, which is very slightly soluble when potassium ions are 
present in excess in the liquid. 

Cobalt also forms numeroiLs complex ions with ammonia (§ 317 ). 

Nickel. 

31^* ^(ickel occurs in niccolite, NiAs, and nickel glance, or 
gersdorffite, NiAsS. Especially important is the nickel silicate, 
gamierite, H2(Ni,Mg)Si04+aq(?), which was discovered by Gar- 
NiER in New Caledonia, where it occurs in enormous quantities. 
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From this ore the nickel is obtained by a blast-furnace process 
similar to that for iron. The discovery of garnierite marked the 
beginning of a new era in the nickel industry. Much nickel is 
refined electrolytically. 

Nickel is almost as white as silver, is very tough and has a high 
metallic lustre. Sp. g. =8.8-9.1. It is feebly magnetic. It dis- 
solves sparingly in hydrochloric and sulphuric acids but freely in 
nitric acid. It is permanent in the air. 

It is employed in nickel-plating metallic objects and as a con- 
stituent of sev^eral alloys. German silver contains about 
50% copper, 25% nickel, and 25% zinc. The nickel coins of 
Germany and the United States consist of 75% copper and 25% 
nickel. The use of nickel to vary the properties of iron has already 
been mentioned (§ 305). 

The oxides of nickel, NiO and Ni203, are very similar to those 
of cobalt. The nickelous oxide, NiO, is the only one which forms 
salts. 

Nickel chloride, NiCb -61120, yields green monoclinic prisms. 
When heated it turns yellow on account of loss of water. 

Nickel sulphate, NiS04-7H20, crystallizing in green rhombic 
prisms, is isomorphous with the corresponding ferrous and other 
salts and also forms analogous double salts. 

Nickelic oxide, Ni203, also behaves as a peroxide; when warmed 
with hydrochloric acid it yields chlorine gas and nickel chloride. 

Nickel carbonyl, Ni(CO)4, is formed wUen carbon monoxide is 
led over finely divided nickel at ordinary temperatures. A state 
of equilibrium results here, viz.: 

Ni+4C0piNi(C0)4, 

which is displaced to the left with rising temperature, since the 
decomposition of nickel carbonyl takes place with a considerable 
absorption of heat {§ 103). Even as low as 00° the decomposition 
is of an explosive nature. It follows from the above equation that 
an increase of pressure (§ 122) must greatly increase the propor- 
tion of nickel carbonyl formed. Experiments confirming this 
showed at the same time that both the formation and the decom- 
position of this compound are very sensitive to traces of foreign 
substances. 

Nickel carbonyl is a colorless, highly refractive liquid, which 
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boils at 43° and congeals (crystalline) at —25°. When heated in 
the air it burns with a very sooty flame. This compound is of 
aid in extracting nickel from low-grade ores. 

Nickel also forms a complex ion with cyanogen. On dissolving 
nickel cyanide in an excess of potassium cyanide the compound 
K2Ni(CN)4is produced; it is, however, unstable, being decomposed 
by hydrochloric acid with the deposition of nickel cyanide, Ni(CN)2. 

312. A very peculiar property is exhibited by the sulphides of 
cobalt and nickel, CoS and NiS. Hydrogen sulphide does not 
precipitate these sulphides from acid solutions, but, once precipi- 
tated (by ammonium sulphide), they are not redissolved by dilute 
acids. This is contrary to the general rule of § 146 (see also § 73), 
for the sulphide should either be precipitated by hydrogen sulphide 
from a feebly acid solution (e.g. CuS), which is the case when the 
solubility product is very small, or else, when the solubility product 
is larger, it should dissolve in dilute acids, as is the case with ferrous 
sulphide. This anomaly is probably due to the fact that the sul- 
phides very soon after their formation pass over into another modi- 
fication (probably a polymer). Nickel sulphide is soluble in alkali 
sulphides immediately upon its formation, but when once deposited 
in the solid state it is insoluble, or nearly so. This is seen when a 
nickel solution is treated with tartaric acid and then with an excess 
of sodium hydroxide, no nickelous hydroxide being precipitated. 
If hydrogen sulphide is passed into this solution a very dark- 
colored liquid results, from which nickel sufphide is deposited only 
very slowly. The same is true of cobalt in very dilute solution; 
m concentrated solution, however, the cobalt sulphide soon passes 
over into the insoluble modification and separates out. 

PLATimiM METALS. 

313* Lnder this head are included the metals rutheniu'nif rho~ 
dium, palladium, osmium iridium and plaiinum. They occur 
only in metallic form and are associated together in mixtures 
or combinations. The principal deposits are in the Ural and 
Caucasus, but smaller quantities are also found in California, 
Australia and Sumatra. The most important of these metals is 
platinum. The platinum ores usually contain admixtures of iron, 
gold, etc. 
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This group falls into two subdivisions: the light metals, 
ruthenium, rhodium and palladium, and the heavy metals, 
osmium, iridium and platinum. The two sub-groups differ con- 
siderably in atomic weight and specific gravity: 



Light. 

Heavy, 

Ru 

RL 

Pd 

Os 

Ir 

Pt 

Atomic weight 

Specific gravity, . . 

101.7 

12.26 

j 

103.0 

12.1 

106.5 

11.9 

191 

22.4 

193.0 

22.38 

194.8 

21.45 


A complete separation of the platinum metals from each other 
is extremely difficult, in the first place because their properties are 
very similar, and in the second place because their behavior is con- 
siderably modified by their mutual presence— a fact which indi- 
cates the existence of compounds with each other. Thus, for 
instance, platinum dissolves readily in aqua regia while pure iridium 
is insoluble in it; nevertheless when an alloy of the two metals is 
treated with aqua regia, some of the iridium is carried into solu- 
tion. Further, the presence of iron (which occurs in all platinum 
ores) is often very disturbing; for example, pure platinum solu- 
tions are not precipitated by soda or barium carbonate, but if iron 
is present more or less platinum comes down with the hydroxide of 
iron. In spite of th^e difficulties platinum, palladium, rhodium 
and iridium can now be purchased in a remarkably pure state. 

Platinum is the easiest to obtain pure from its ores. The latter are 
first treated with dilute aqua regia, whereby chiefly gold is dissolved out; 
then with the aid of concentrated aqua regia the platinum, palladium, 
iridium and small amounts of the other platinum metals are dissolved; 
the residue is omium-iridium, or iridosmine, together with some of the 
other metals and varying amounts of platinum. The solution contains 
the following compounds: PtCl4, IrCl4, HbjCle, PdCl^ and very small 
amounts of Os and Pu, also as chlorides. If this solution is boiled 
with sodium hydroxide, IrCl4 is converted into IrjCl^s and NaClO is 
formed at the same time. By the addition of a few drops of alcohol 
the sodium hypochlorite is reduced to the chloride. Thereupon ammo- 
nium chloride is added and the platinum alone is precipitated, separating 
out as (NH4)2PtClfl, which yields metallic platinum on heating. 
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Ruthenium. 

314. This steel-gray metal is hard^ very brittle and very difficult to 
fuse, a temperature of at least 1800° being necessary. Even when finely 
divided it is but very sparingly soluble in aqua regia, forming RujClg, 
but when alloyed with platinum, it dissolves readily. The compound 
RuCl^ is known only in double salts. As a powder the metal oxidizes in 
the air to RuO and RujOj. Ruthenium also forms cliaracteristic salts, in 
which it plays the part of an acid. 

Potassium ruthenate, KjRuO^, results from fusing ruthenium with 
caustic potash and saltpetre. It crystallizes with IH^O in black prisms of 
a greenish lustre. With water it forms a dark orange-colored solution. 
Its conduct reminds one of potassium manganate, for under the influence 
of dilute acids it is converted into potassium perrutheuate, KRUO4, with 
the simultaneous precipitation of a black oxide, RhjOg (or RuOj?). It 
crystallizes in black octahedrons of metallic lustre, which dissolve in 
water to a dark-green solution. A |K‘culiar compound is the tetroxide, 
RUO4, which volatilizes when chlorine is passed into the concentrated 
solution of potassium ruthenate. It can be solidified by cooling, wheji 
it forms a golden crystalline mass, fusible at 25.5°. There is no acid 
corresponding to this oxide. RuO^ is used for the preparation of pure 
ruthenium. 


Osmium. 

This metal is very analogous to ruthenium ; it melts as high as 2.500°. 
The chlorides OsClj and OSCI4 and the oxides OsO, OsjOg and OsOj are 
known. The great similarity to ruthenium is especially noticeable in 
the highest oxides. Thus fusion with caustic potash and saltpetre pro- 
duces potassium osmiate, K2OSO4, which crystallizes from aqueous solu- 
tion in dark-violet octahedrons containing two molecules of water. 
The characteristic osmium compound is the tetroxide, OSO4, formed 
by igniting finely ix)wdcred osmium in the air or by the action of chlo- 
rine on the metal in the presence of w'ater. The aqueous solution of 
OSO4 reacts neutral, but is often (\vrongly) called osmic acid. It is 
employed in microscopy since organ i<; substances (i.e. reducing-agents) 
reduce it to black osmium. No salts derived from OsOi are knowm. 
This compound is used in preparing pure osmium. 

The metal itself now finds application in the osmium incandescent 
light of Auer von Wel.sbach, where a fine osmium \vire is heated elec- 
trically to incandescence in an evacuated globe. 
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Rhodium. 

The metal ia the fused state has the appearance of aluminium and 
is just as extensible (malleable and ductile) as silver. It is prepared 
pure in the arts by way of the chloro-purpureo rhodium chloride, 
Ilh(NH 3 ) 5 Cl 3 (cf. §317). Neither acids nor aqua regia affect it. When 
heated in the air it is oxidized to the rhodious oxide, RhO. It is able to 
absorb a considerable amount of hydrogen. The rhodic oxide, Rh^Og, 
yields salts with acids. Of the chlorides only RhjCl^ is known; this is 
obtained by direct synthesis as a reddish-brown substance; it forms sol- 
uble double salts \vith the alkali chlorides. 

Iridium. 

This very refractory metal is obtained from iridosmine by heating in a 
current of oxygen, when the osmium volatilizes as tetroxide.^ In the form 
of a platinum alloy it is employed in the manufacture of platinum 
crmubles, dishes, distilling-vessels for the concentration of sulphuric a(dd 
(§ 86 ), etc. The prototype of the meter at Paris is made of an alloy 
of 90% platinum and 10% iridium. The admixture of iridium makes the 
platinum more indifferent to chemical agents. When pure, iridium is 
not attacked by aqua regia. 

Iridium forms two chlorides, IrjCl^j and IrCI^. Both of them give, 
double salts with the alkali chlorides; e.g. IrgClg-GKCl+GHjO and 
IrCl 4 - 2 KCl. The former dissolves in water readily, the latter with 
difficulty. The tetrachloride appears as a black substance forming 
with water an intensely red solution. For this reason a platinum chlo- 
ride solution which contains iridium has a much deeper color than a 
pure solution. 

Palladium. 

315 . The silvery-white metal fuses at 1.500®, i.e. more easily than 
platinum. When finely divided it dissolves in boiling concentrated 
hydrochloric, sulphuric and nitric acids. On ignition in the air it is 
at first oxidized, thus losing its lustre, but at a higher temperature the 
metallic lustre reappears. The most peculiar characteristic of the 
metal ia its ability to absorb hydrogen in large quantities {occlusion). 
Freshly ignited palladium foil absorbs 370 times its own volume of 
hydrogen at room temperature. By making palladium foil the cathode 
in a water electrolysis apparatus the metal can be made to take up 
even 960 times its own volume. This absorption does not alter its 
metallic appearance. The absorbed hydrogen can all be expelled by 
heating in a vacuum. 
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It was formerly supposed that in this absorption a compound PdjH 
was formed. Investigations (by Koozeboom and Hoitsema) from 
the standpoint of the phase rule (§71) have, however, rendered 
the existence of this (or any similar) 
compound doubtful. In case a com- 
pound were formed, there would be 
two substances (Pd and H) and three 
phases (Pd, the supposed compound, 
and H) and we should have a complete 
heterogeneous equilibrium. Various 
states of affairs would then be possible. 
The relation between the pressure and 
the amount of gas at constant tempera- 
ture could be represented graphically for a simple case thus: If the gas 
at first merely dissolves in the metal, the pressure must rise steadily with 
the amount of gas absorbed until the compound is formed, a, Fig. <S0. 
This gas pressure must then remain constant while the absorbed gas 
volume increases until the metallic phase has completely disappeared 
by conversion into the hydride. Supposing that this were the case at b, 
hydrogen' could still dissolve in the hydride, but the pressure of gas 
ought to increase from that point; in other words, the pressure curve 
should show abrupt bends at a and b. 

On the other hand. If no compound is formed and it is merely a 
matter of absorption, there arc only two phases (gas and its solution) 
for the two substances, and therefore the equilibrium is incomplete; 
the pressure steadily rise as the amount of gas increases and at no 
point will the curve suddenly change its direction. 

The experiments showed that the pressure curves for various tem- 
peratures (between 0° and 190^) consist of three parts, viz., of two 
steep portions connected by a third middle portion, which runs almost 
horizontal at low temperatures. But at all investigated temperatures 
these portions were found to gradually pa^ into each other, so that 
the curve does not appear as in Fig. 80. These results point to the 
non-existence of any chemical compound; they indicate a continuous 
absorption, which is, however, distinguished from other known phe- 
nomena of this sort by the peculiar form of its pressure curve. 

Palladium charged with hydrogen is a strong reducing-agent ; chlo- 
rine and iodine are reduced by it (see § 200) to hydrogen chloride and 
hydrogen iodide, respectively, and ferric salts are reduced to ferrous 
salts. 

Palladium forms two series of compounds, the -ous, PdXj, and the 
•dc, PdX 4 . A characteristic compound of the first series is palladious 
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iodide, Pdl2, which is precipitated by potassium iodide from solutions of 
-ous salts as a black insoluble substance. This reaction is occasionally 
used to separate iodine from the other halogens, since their palladium 
compounds are readily soluble. — Palladic chloride, PdCl4, is produced 
by dissolving the metal in aqua regia. With K 0 or NH^Cl it forms 
a difficultly soluble double chloride, KjPdClj or (NTl4)2pdCl8. On the 
evaporation of its solution PdCI^ dissociates into PdClj and CI3. 

Platinum. 

316. This metal, which is the principal constituent of the 
platinum ores, is obtained pure by the process explained in § 313 . 
It fuses at about 1770 ° and is extremely malleable and ductile, 
hence it can be made into very fine wire and very thin foil. Since 
it becomes soft at red heat it can be easily worked. Alloyed with 
a few per cent, of iridium it finds various uses. Particularly when 
finely divided it absorbs oxygen (partially combining with it), a 
property to which is attributed the phenomenon that numerous 
oxidations proceed with unusual ease in the presence of platinum. 
When the metal is precipitated from its solutions by feducing- 
agents, it is frequently obtained as an, extremely fine velvet-black 
]>owder, platinum hUwk. When the double chloride (NH4)2PtCl6 
is ignited, the metal is left as a porous mass — platinum sponge. At 
red heat a platinum partition allows hydrogen to pass through, 
while other gases are held back. This is due to the formation 
of a compound or to the solubility of hydrogen in platinum. 
Various substances attack platinum at elevated temperatures, e.g. 
the hydroxides, cyanides and sulphides of the alkalies; hence these 
substances should not be fused in platinum vessels. This also 
applies to lead and other heavy metals, for they form low-melting 
alloys with platinum. 

There are two sets of platinum compounds according to the gen- 
eral formula PtXa and PtX4. The best-known platinum compound 
is chlorplatinic acid, H2PtCl6, obtained by dissolving platinum in 
aqua regia. When the solution is evaporated the chlorplatinic 
acid is left in the form of large, reddish-brown, very hygroscopic 
prisms. Its aqueous solution contains the anion PtCle", for such 
an anion goes to the anode in an electrolysis; silver nitrate 
precipitates from the solution not silver chloride, which it would 
certainly do if free chlorine ions were present, but the compound 
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Ag2PtCl6. Two characteristic salts of this acid are those of potas- 
sium and ammonium; they are very difficultly soluble in water 
and insoluble in alcohol; when the aqueous solution is evaporated 
the salt remains in the form of small, but well-formed octa- 
hedrons of a golden hue. The potassium salt is often made 
use of in determining potassium when sodium is also present, 
the sodium platinic chloride being very soluble, even in alcohol. 

Of the remainuig platinum compounds a few may be referred 
to. If a solution of the above acid, H2PtCl6, is treated with 
sodium hydroxide and then with acetic acid, platinum hydroxide, 
Pt(OH)4, is precipitated. It is soluble in strong acids and also in 
alkalies, so that basic as well as acidic properties must be ascribed 
to it {platinic acid). Salts of this acid are moreover formed w’hen 
platimiin is fused with alkalies. Platinous chloride, PtCl^, is 
produced by heating chlorplatinic acid to 200° and in small amount, 
also, when the solution of this acid is strongly concentrated. It is 
a green powder, insoluble in water. With the alkali chlorides it 
gives soluble double salts, such as PtCl2'2NaCl. Double cyanides 
of platinum with many metals are also' known, e.g. K2Pt(CN)4- 
3H2(), BaPt(CN)4 *41120, etc. The latter has come into prominence 
because of its ability to make Rontgen rays visible. All these 
double salts are noted for their beautiful colors and strong dichroism. 

By forming an electric arc between platinum wires under distilled 
water Bredig brought about such a minute division of the platinum 
that the particles would pass through a filter and no distinct particles 
could be detected in the liquid with the aid of the most powerful mitu'o 
scoi)e. A platinum liquid of this sort has a deep-black color and a 
strong catalytic action, which resembles in many respects the action 
of organic ferments. This is noticeable in the extremely small quantity 
that is capable of exerting a catalytic influence; for instance, a liquid 
containing 1 gram-atom of platinum in 70 million liters of water ac- 
celerates the decomposition of hydrogen peroxide very perceptibly. Tlic 
analogy is also supported by the fact that the catal3dic effect of the 
platinum liquid, like that of organic ferments, alters slowly of itself 
but more rapidly on the addition of certain substances or on warming. 
Especially striking is the analogy as concerning the reduction of the 
catalytic effect by the addition of slight traces of certain “poisons”: 
10~* gram-molecule HCN in a liter is sufficient to considerably diminish 
the effect and corrosive sublimate acts in much the same manner. 
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AMMOKIA COMPOUNDS OF THE METALS OF THE EIGHTH GROUR 

317. The elements of the eighth group, especially cobalt and plat- 
inum, as well as a few elements of other groups (Cu, Cr, etc.) are able 
to form ‘^metal-ammonia compounds. The empirical composition 
of these substances indicates that they are salts to which one or more 
molecules of ammonia have been added. Such (compounds of cobalt 
are formed when ammonia is added to a solution of cobalt chloride? 
bromide, nitrate, or the like, until the precipitate first formed is redis- 
solved. A solution of this sort absorbs oxygen from the air; and, if 
after a time some of the same acid is abided from which the cobalt salt 
is derived, a brick-rcd crystalline powder separates out, having the 
composition CoCl3(NH3)5-H20, or Co(N03)5(NH3)5'H20, for example. 
These comix)unds are termed roseo-cobalt salts (chloride, nitrate, etc.). 
They yield purpureo-cobaU salts when their solutions in acids are 
gently warmed. The latter have the composition CoX3(NH3)5, where 
X =C 1 , Br, XO3, etc,, and have a violet or purple color.— Another class 
of compounds is the hiteo-cohalt salts; luteo-cobalt chloride, 
CoCl3(NH3)3, e.g., is obtained by adding ammonium chloride and an 
oxidizing-agent (bromine) to a cobaltous chloride solution rendered 
alkaline with ammonia. This compound crystallizes iii reddish-yellow 
prisms which dissolve slowly in cold water.— Further, compounds are 
known which arc derived from the preceding in such a ^^ay that XOy 
groups replace chlorine, etc., e.g. 0oCl(N02)3(NH3)^, croceo-cobalt 
chloride; xantho -cobalt chloride; 

CoC 1(N02)2(NH5)5? flavo-cobaltchloride. They are obtained 
by the action of nitrous acid on ammoniacal cobalt .solutions. 

Platinum also forms numerous groups of metal-ammonia compounds. 
A few of the more important ones may be mentioned: If a solution of 
platinous chloride in hydrochloric acid is treated with ammonia, a 
green precipitate is formed; on boiling the mixture there is formed an 
insoluble compound, which is known as the “green salt of M-agnus,” 
and has been found to consist of plato-diammine chloride, 
Pt(NH3)4Gl2, mixed with platinous chloride, PtClj. In the solution 
another similar compound is formed, the plato-semidiam- 
mine chloride, PtCl2(NH3)2. Both of them form salts in which 
bromine, iodine, or NO3 appears in place of the chlorine. On heating the 
plato-diammine chloride to 220 °- 270 '' platosamminechloridc, 
PtCyNHs)^, is formed; it is yellow, crystalline and sparingly soluble 
in water. It can be oxidized (with chlorine) to platinammonium 
chloride, Pt(NH3)3Cl4; in a similar manner plato-di ammonium 
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chloride yields platin-diammonium chloride, Pt(NH 2 ) 4 Cl 4 , 
and so on. A large number of these metal-aramonia compounds have 
been discovered by Jorgensen, 

In 1893 Werner suggested a plan for classifying these compounds, 
and, inasmuch as his views have a general and fundamental importance 
in inorganic chemistry, a few pages at the end of this book may be devoted 
to the subject. 

lie divides the compounds in question into two classes. The first 
class comprises those compounds which contain s i x NHg molecules 
for one metallic atom or arc derivatives of such according to certain 
rules. The compounds of the second class contain four NHg mole- 
cules to one metallic atom. As examples we may take: 

CoCXHglA Cu(NHg),(X 03)2 

Luteo-cobalt chloride Copper-ammonui nitrate 

According to the valence of the metallic atom these classes can be 
divided into different groups; for instance, the first can be divided into; 

Pt(XH3)A; CofXHgiA; Ni(XH3)A. 

Pt’'" Co“J Ni'^ 

From the compounds which contain the 1M(XH3)8 complex (M = metallic 
atom) analogous comj)ouuds can be derived by replacing NHg molecules 
with others. However, the total number of molecules in combination with 
the metallic salt remains six. Particularly H^O is capable of replacing 
XHg. 

The following are examples of this sort ot substitution: 

Cr(XH3),Cl3; C:r(XH3)g(H20)Cl3; Ni(NH 3 ) 3 (H 20 ) 3 S 03 . 

From the pompounds just mentioned, i.e. those containing an MA^, 
complex (where A can be ammonia or water or another molecule), others 
are derived by the loss of A molecules, e.g.: 

Co(XH,),X,; Co(XH,)5X3; Co(KH3),X3; Co(NH,),X3 

Luteo Purpureo salts Praseo salts Hexammine salts 

The same applies to the compounds of the second class. NHj can 
be substituted by various other molecules and, moreover, the com- 
pounds M(XH 3 ) 4 X 2 can lose XHg and go over into compounds which 
bear a definite relation to the former, e.g.r 

■Pt(XH3)A; Pt(XIl3)3Cl2; Pt(NH3)A-. 

Plato-diammine chloride Plato-mono-diartrnine chloride Platosammine chloride 
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These two large cla;Sses of metal-ammonia compounds comprise all 
known compounds of this sort. Their classification is thus simple. 

318. The loss of ammonia just referred to is accompanied by an 
important change in the structure of these complex compounds. Let 
us examine into this with the aid of the luteo-chlorides as an example. 
Their aqueous solutions are strongly ionized, as the high electrical con- 
ductivity shows. The existing ions must be [Co(NH3)e]”* and 3 C 1 ', for 
in the first place all the chlorine can be precipitated directly with a 
silver solution, which shows that all three chlorine atoms must exist 
as ions, and in the second place the solution gives neither the ordinary 
reactions of cobalt nor those of ammonia. If, however, -a luteo salt 
is converted into a purpureo salt by the loss of LNH3, one of the halo- 
gen atoms loses at the same time the ability to act as an ion, wLich is 
evident from the fact that silver nitrate directly precipitates but two- 
thirds of the chlorine atoms from a dissolved purpureo-chloride solu- 
tion; moreover the electrical conductivity is considerably lessened. 
The same statements apply to the transformation of purpureo-chlo- 
ride into praseo-chloride, the latter of which can be showai in a similar 
manner to yield only one chlorine ion in aqueous solution. Finally, 
in the hexamniine salts all ionization has disappeared; the solution of 
hexamraine-cobalt nitrite, Co(NH3)3(X02)3, for example, w’as found 
to be practically a non-conductor. 

It must therefore be assumed that the solution of a luieo salt con- 
tains the trivalent ion [Co(NH3)g]*'' and three anions; a solution of a 


purpureo salt, the bivalent ion 
of the praseo salts, the univalent ion 


Co 


in the hexammiiie comi^X)unds the complex Co 


and tw^o anionS; a solution 

(NH3] 

X, J 

X. 




^ I and one anion; while 
'Jis non-ionizablc, 


or in other words neutral (nullivalent). Entirely analogous to this Is 
the behavior of the compounds of the second class in their progressive, 
loss of ammonia molecules. It is interesting in this connection to note 
that in the first class the number of groups, or elements substituting 
them, present in the complex ion in addition to the metal is alw^ays six^ 
in the second class alw^ays four. Werner assumes that these are directly 
united with the metal, wLilc the ionized halogen atoms or negative 
groups are indirectly connected with the metallic atom through ammonia. 

319. Not less worthy of note is the effect of still further substitution 
of ammonia by negative groups or elements. The neutral complex 



is then converted into a negative ion. 


series 


Thus we have the 
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[co(NH^.]'i,; [co^g“]’x.; [cojjgjx; 


Luteo salt 


Xantho salt 


Ooceo fait 


I 

^ V- L ^^02)4J 

Hexaromine (Triammine) cobalt nitrite Tetrammine potassium cobaltic nitrite 


[«]• [' 


, while a substitution 


As the last one of the series we must regard the potassium cobaltic 
nitrite described in §310: 

[Co(.NOo),r"K3. 

The number of compounds containing such a complex MX^ as triva- 
lent ion is Very large. It is here sufficient to note that potassium ferri- 
cyanidc K 3 [Fe(CN)J and the analogous cyanides of cobalt, iridium, rho- 
dium, etc., belong in this category. 

In the other classes where the metal is quadrivalent (Pt) or bivalent 
(Ni) the relations correspond throughout. Whenever a molecule of KHg 
goes out, one of the negative atoms or groups enters the complex cation, 
which thus gradually becomes less positive and finally acts as an anion. 
There are also numerous compounds of this class whose composition for- 
merly appeared to . be absolutely irregular. From [Pt(NH 3 )JX 4 we 

obtain the indifferent platinammines ^ L 

of the last two XH 3 groups by halogen leads to the bivalent anion (PtXfl)", 
which must be assumed in potassium platinic chloride and elsewhere 
(§316). In connection with these we also have analogous compounds 
of tin, as (XH 4 ) 2 (SnCl 6 ), pink salt, and, further, hydrofluosilicic acid 
HjfSiFg) and its salts, etc., etc. , 

By an analogous substitution of ammonia in [M(NH 3 )g]X 2 we arrive 
again in the third subdivision (see above) at a number of known com- 
pounds. Cbmplete substitution of NHj by negative groups or atoms 
must lead here to a quadrivalent anion and experiments show this to 
be true; an illustration is found in potassium ferrocyanide and its ana- 
logues. 

Xumerous metal-ammonia compounds and “ double salts ” thus 
come to arrange themselves in a simple classification, based on the 
hypothesis that the metah in queMimi ham the property of forming com- 
plex ions vnth six molecnles (NHj, HjO, etc.) or atoms. 

This hypothesis leads -to various other conclusions, the discussion 01 
which, however, wnll not be undertaken here. 
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Chalcopyrite, 106, 347 
Chalk, 371 

Chama?leon minerale, 446 
Chamber acid, 135, 310 
crystals, 190 
Chance method, 313 
Charcoal, animal, 194, 241 
wood, 241 

Chemical operations, 5 
attraction, 38 
Chemistry, field of, 3 
Chili saltpetre, 70, 186, 304, 309 , 320 
Ciiinese white, 391 
Ciilor-auric acid, 365 
Chloric acid, 91 
Chloride of lime, 374 
Chlorination process (gold), 362 
Chlorine, 36 
hydrate, 38 

oxygen compounds of, 86 
Chlorous acid, 91 
Chlorosulphonic acid, 144 
Chloroplatinic acid, 469 
Chromates, 434 
Chrome alum, 434 
green, 432 
yellow, 436 

Clirom-sulphuric acids, 433 
Ciiromic anhydride, 434 
chloride, 433 
oxide, 432 
sulpliate, 433 
Chromite. 431, 432 
Chromium, 431 
in steel, 455 
oxychloride, 437 
Chromous compounds, 432 
Chromyl chloride, 437 
Chrysobcryl, 368 
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Cinnabar, 393, 106 
Clarke, 9 
Clay, 418, 423 
Cleveite, 170 
Coal, 241 * 

Coarse metal, 347 
Cobalt, 461 

compounds (ammonia), 471 
glance, 461 
oxides, 462 

CobaJtic compounds, 462 
Cobaltite, 216, 461 
Cobaltous compounds, 461 
CoHEX, 407 
Coke, 241 
Colcothar, 458 

Cold-hot tube of Deville, 127 

Colemanite, 414, 417 

Colloidal solutions, 265, 365, 420, 458 

Colloids, 265 

Columbium, 430 

Ombustion, 13, 163 

Compensator, 73 

Compound, 27 

Condenser, 6 

Conductivity, molecular, 100 
Conservation of matter, 17 
energy, 153, 155 

Constancy of natural phenomena, 3 
Contact action. See Catalysis. 

process (sulphuric acid), 138 
Converter, 453 
Copper, 347 

ammonia compounds, 352, 422 
arsenite, 352 
carbonate, 352 
chloride, .^10 
nitrate, 352, 472 
sulphate, 352 
sulphide, 352 
Copperas, 457 

Corrosive sublimate, 393, 396 
Corundum, 417 

CV)unter-current principle, 21, 312 
Coupled reactions, 223 
Cot'RTOIH, 70 
Covering power, 281 
Cream of tartar, 231 
Croceo-cobalt chloride, 471 
Crocoite, 276, 431 
(!rookes, 424 

Cryohydric point, 3-32, 337, 374 
Cryohydrate, 332, 337 
Cryolite, 304, 418 
Cryoseopy, 65 
Crystallization, 6 
Crystalloids, 265 
Crystals, mixed, 381 


Cup and cone apparatus, 449 
Cupellation, 354, 362, 364 
Cupric bromide, 352 
chloride, 351 
hydroxide, .351 
iodide, 352 
oxide, 351 
Cuprite, 347 
Cuprous cyanide, 351 
chloride, 350 
iodide, 350 
oxide, 349 
Curie, 441 
CuRTius, 176 

( yanide process (gold), 362 
Cyanogen, 253 

Daltox, 29, 44 
Damell cell, 401 
Davy, 237, 257,304, 316, 398 
Deacon process (chlorine), 37 
Decantation, 5 
Decomposition reactions, 41 
Deliquescence, 309 
Democrites, 30 
Dephlogisticated air, 164 
Desiccators, 143 
Detonating-gas, 10, 24 
Deville, Ste. Claire, 76, 127, 418 
Dewar, 15 
Dialysis, 265 
Diamide, 175 
Diamond, 237 
Didymium, 427 
Dilatonieter, 110 
Dippel’s animal oil, 194 
Disinfection, 38, 396, 457 
Dissociation, 72, 73, 97, 121, 124, 141, 
144, 1.50, 183, 188, 204, 221, 
2.58, ,327, 3(>4, 378, 395, 4.5S 
electrolytic, 97, KK), 208, 214, 214, 
2.52, :m\, .326, 340, 351, 3.57, 
370 , 378, 391, 396, 398, 309, 
456, 4.58, 462, 473 
hvdrolvtic, 103, 272, 27^, 346, .3.56, 
371, .395, 396, 41.5, 417, 421, 
424, 428, 4,57 
tension, 412 
Distillation, 0, 19 
fractional, fj 

Distrif)ution law of Berthelot, 71, 
.318, .326 

Dithionic acid, 146 
Divariant system, 114 
DoEilfcREINER, 289 
DoIf>mite, 369 

1 )nul)lc salts. 8ee Salts, double. 
Drummond lime light, 10, 428 
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Dulong and Petit, law of, S 84 , 389 
Dumas, 25, 26, 165, 244 

Earthenware, 422 
Earth’s crust, composition of, 9 
Eau de .lavelle, 88 
Efflorescence, ^9, 315 
Eka-aluminium, 423 
-boron, 427 

Electric furnace, SS9, 246, 261, 264, 
372, 431, 439, 4.50 
Electrocliernical series, 410 
Electrochemistry, 389 
Electrolysis, 25, 42, 82. 131, 145, 
175 ;, 234, 303, 304, 314, 316, 
319, 348, 355, 356, 362, 36.5, 381, 
382, 4I8, 418, 436, 439, 469 
Electrolytic separation of the metals, 
412 *^ 

soda-process, 314 
Elect rornotiye force, 400, 408 
Electrotvping, 349 
Element's, 7, 289, 366 
Emanation, 442 
Emerald, 368 
Emery, 418 
PImcedocles, 30 

Endothermic compounds, 177, 178, 
I8t), 182, 184, 217, 246, 2.53 
reactions, 7.55, 1.59 
Epsom salt, 374 
Equations, 32 

Equilibrium, 76, 89, 101, 118. 139, 
1.59, Hit), 17.5, 183, 197, 210, 
, 220, 248, 2.58, 319, 328, 330, 

3.50, 370, 374, 378, 399, 4,50, 
4,5(i , 

heterogeneous, 110, ^78, 468 
state of, 80 
weights, 298 
Erbia. 247 
Ktoh-ligure.s, 28S 
Kfhvlene, 246 

Eudiometric analysis of air, 165 
Euteclic point, 32, 367, 4.52 
Euxenife, 426 

Exot hermic reactions, 135, 157 

Faraday, 31 
Feldspar, 418 
Ferric chloride, 458 
hydroxide, 458 
oxide, 458 
sulphate, 458 
Ferrite, 451 
F(’rrocyanlc acid, 460 
I'errous earlmnate, 457 
chloride, 4,56 


Ferrous ferric oxide, 458 
hydroxide, 430 
oxide, 456 
sulphate, 457 
Feuerluft, 164 
Filtration, 5 
Fire damp, 245 
Flame, 255 
spectrum, 384 
Flash light, 369 
Flavo-cobalt chloride, 471 
Flowers of sulphur, 105 
Fluorine, 82 
Fluor spar, 82, 84, 375 
Flux, 347 , 449 
Formula, 32 
empirical, 58 
structural, 145 
Fractional distillation, 6 
Frauxhofer lines, 388 
Freezing mixture, 374 
-point, depression of, 62, 97, 332, 
423 

Fuemy, 300 
Fuels, 241 
Furnaroles, 415 
Furnace, black ash, 312 
electric, see Electric Furnace. 
Perrot, 72 
reverberatory, 3.54 
salt cake, 3U 

Gadolinite, 426 
Galenite, 276, 106 
Gallium, 423 
Galvanic cell.s, 399 
Galvanized iron, 389, 411 
Garnierite, 462 
Gas carbon, 241 
Gattermaxx, 74 
Gay Lussac, 70, 90, 304 
tower, 133, 191 
law of, 44, 49, 58, 59 
Gerer, 192 
Geranium, 268, 300 
German silver, 349, 463 
Gersdorffite, 462 

Gibhs, no 

Glacial phosphoric acid, 211 
Glass, 379 
etching, 83, 262 

Glauber’s salt. See Sodium sul- 
phate. 

Glover tower, 135, 191 
Glucinuin, 368 
Gold, 361 

compounds. See Aarons com- 
pounds and Auric comjwunds. 
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Gold-plating, 363 

Goldschmidt reduction method, 419, 
431,438, 444 
Goldstein, 51 
Graduation salt process, 306 
Graham, 265 
Gram-equivalent, 149 
-molecule, 33 
Graphite, 240 
Graphitic acid, 240 
Grove’s gas battery, 406 
Guignet’s green, 432 
Gun -metal, 271 
Gunpowder, 28, SBl 
Gctzeit’s test (arsenic), 218 
Gypsum, 106, 371, 375 

Halite, 304 

Hall process (aluminium), 418 
Hammer scale, 13 
Hampson, 168 
Hardness of water, 377 
Hargreaves’ method, 308 
Hart, 188 

Hartshorn, salt of, 328 
Hatfield, 415 
Hausmannite, 444 
Heat, atomic, 284 
molecular, 171, S 86 
of dilution, 155 
Heat of formation, 153, 156 
neutralization, 155, 343 
solution, 155, 160, 330 
specific, 2^, 389 
Heavy spar, 382 
Helium, 170, 302, 389, 443 
Hematite, 448 

Henry's law, 7^, 40, 98, 132, 326, 
416 

Hepar sulphuris, 323 
Heroult, 41 
Hess, law of, 155 
Hexammine cobalt salts, 472 
Hofmann, 26 
Hoitsema, 468 
Hopper crystal of salt, 308 
Horn silver, 353, 357 
Hubnerite, 438 
Hydraulic mining, 363 
Hydrazine, 175 
Hydrazoic acid, 176 
Hydriodic acid, 74 
Hydrobromic acid, 68 
Hydrocarbons, 245 
Hydrochloric acid, 39 
composition of, 42 
Hydrofluoboric acid, 415 
Hydrofluoric acid, 84 


Hydrofiuosilicic acid, ^63, 474 
Hydrogel, m, 351, 366, 420, 432, 458 
Hydrogen, 14 
antimonide, 228 
arsenide, 217 
bromide, 68 
chloride, 39 
cyanide, 254 
fluoride, 84 
iodide, 74 

peroxide, 54, 65, 362, 437, 470 

persulphide, 120 

phosphide, 199 

selenide, 150 

silicide, 261 

sulphide, 115 

telluride, 152 

Hydrolysis. See Dissociation, hydro- 
lytic. 

Hydroxyl; 145 
Hydro xylamine, 178 
-disulphonic acid, 193 
Hypo, 130 

Hypociilorous acid, 87 
heat of formation, 157 
oxide, 87 

Hyponitrous acid, 185 
Hypophosphoric acid, 212 
Hypophosphorous acid, 214 
Hyposuiplmrous acid, 131 
Hypotliesis, 2 

Ice-machine, 173 
Ice stone, 304, 418 
Illuminating gas, 460 
Incandescent electric light of Xerxst 
429 * • 

gas light (Welsbach), 426 
Indelible ink, 360 
Indicators, 344, S 4 O 
Indium, 298, 423 
Induced reactions, 223 
Inducer, 223 
Inversion, point of, 108 
Iodine, 70 
chlorides, 86 

oxygen compounds of, 94 
lodomctry, 147, 222, 368 
Ionic equation, 118, 1,10, 131, 272 
277, 305, 3.50, 390, 403, 43‘ 
447, 459 
theoi^, 07 , 118 

Ionization, Sec Dissociation, elect m 
lytic. 

Ions, 08, 340, 3.50, 357, 396, 301 
422, 433, 43 . 5 , 445, 469, 473 
valence of, 123 
Iridosmine, 465 
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Iridium, 467 
Iron, 448 

and carbon monoxide, 461 
Isomorphism, 287 
Isotonic solutions, 63 

Jasper, 264 
Jorgensen, 472 

Kainite, 316, 369 
Kaolin, 418, 4^2 
Kassner, process 11 ^ 280 
Kayser, 387 
Kelp, 70 
Kennes, 232 
Kermesite, 231 
Kieserite, 369 
Kindling-point, 188 
Kinetic theory, -^8, 247 
Kipp generator, 115 
Kirchhoff, 323, 384, 386 
Knietsch, 138 
Kohlhausch, 21 
Kopp, 286 
Kraose, 237 
Krypton, 170, 302 
Kuhne method, 260 


Ladenburg, 53 
Lampblack, 241 
Lanthanum, 427 
Lapis lazuli, 423 
Lavoisier, 11, 14, 19, 163, 237 
Lavoisier's ex{>eriment, 11 
Law of Avogadro, 4^t 48, 61, 288 
the constancy c4 isatural phe- 
nomena, 3 

constant composition (definite 
proportions), 29 

distribution (Berthelot), 17, 
318 326 

Du LONG and Petit, 284, 389 
(lAY Lussac, 44, 49, 58, 59 
Henry, 12, 40, 98, 326, 416 
Hess, 155 
HIlTSCHERLICH, 287 
multifik proportions, 31 
ohemWkmass action, 78 
NEUMJ(lM^^284 
octaves, 289 

thermoneutralitv, 344* 396 
,«d, 276 
aluniinate, 420 
carbonate, 281 
chamber crystals, 134, 790 
ciiambers, 135 
cliloride, 280 


Lead chromate, 436 
glass, 379 
nitrate, 281 
oxides, 278 
peroxide, 279, 402 
persulphate, 281 
sulphate, 281 
sulphide, 282 
tree, 277 
white, 281 

Le Blanc soda process, 143, 310, 
321, 322 

Le Chatelier’s rule, 159, 184, 248. 
332 

Leclanch6 cell, 403 
Lecoq de Boishaudran, 38G, 423 
Lepidolite, 303, 323 
Leucippus, 29 

Leydenfrost phenomenon, 168 
Lime, 372 

Limestone, 237, 371 
Linde, 168 
Liquation, 269 
Liquefaction of air, 168 
Litharge, 278 
Lithia mica, 303, 323 
Lithium, 303 

Lobry de Bruyn, 176, 178 
Lunar caustic, 360 
LijpKE cell, 404 
Luteo-cobalt salts, 471 

Magnalium, 419 
, Magnesia, 370 
alba, 371 
mixture, 225 
usta, 370 
Magnesite, 369 
Magnesium, 369 
ammonium phosphate, 371 
boride, 414 
carbonate, 371 
chloride, 370 
hvdroxide, 370 
nitride, 172, 359 
Magnesium oxide, 370 
sulphate, 371 
Magnetite, 448, 458 
Magnus, green salt of, 6, 471 
Malachite, 347 
Malleable iron, 451 
Manganese, 444 
dioxide, 36, 44^ 
in steel, 455 

Manganic compounds, 445 
acid, 446 

Manganous compounds, 444 
Marble, 371 
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Marl, 371 

Marsh gas, 43, 21^5 
Marsh test, 219 , 229 
Martensite, 451 
Mjiss action law, 78 
Massicot, 278 
Masson, 292 
Matches, 198 
Matte, 348 
Matter, 3, 301 
Meerschaum, 369 
Mellitic acid, 242 
Melting-point curve, 336 
Mendelkeff, 289, 292, 296, 299, 423, 
427 

Mendeleeff’s table (periodic sys- 
tem) , 294 
Mexsching, 228 

Mercuric ammonium chloride, 395 
chloride, 395 
cyanide, 396 
lialides, alkali, 397 
iodide, 396 
nitrate, 397 
oxide, 10, 395 
sulphate, 397 
sulphide, 398 

Mercurous compounds. 394 
Mercury, 393 

Metal-ammonia compounds, 471 
Metalloids, 8 
Metallurgy of iron, 448 
Metaphosphoric acid, 211 
Meta phosphorous acid, 214 
Metastable system, 340 
Metaatannic acid, 275 
Methane, 245 
Methyl orange, 347 
Meyer, Lothar, 42, 289, 301, 302 
Meyer, Victor, 72, 228 
Mica, 418 

Microcosmic salt, 328 
Miners’ safety lamp, 257 
Minium, 279 
Mispickel, 216 
Mitsch Erlich’s law, 287 
test, 198 
Mixture, 28 , 168 

Mobile equilibrium, Vax’t Hoff’s 
principle of, 160 , 330, 352 
Mohr’s salt, 457 

Mois-san, 17, 67, 82, 86, 238, 240, 
243,261,428, 431 
Moisture, effect of, 55 
Mole, 33 

Molecular heat, 171,286 
weight, 46 
determination of, 48 


Molecular weight, determination of, 
by boiling-point method, ^^,221 
by freezing-point method, 62 , 
100, 130, 305 
Molecule, 30 , 45 
Molybdenite, 437 
Molybdenum, 437 
troxide, 437 
Molybdic acid, 438 
Monazite sand, 426 
Monobasic acid, 86 
Morley, 35 
Mortar, 373 - 

Mosaic gold, 276 
Muriatic acid, 40 
Muthmanx, 188, 438 

Nascent state, 38, 54 
Natural gas, 245 
Negative (photography), 359 
Neodymium, 427 
Ncon“, 170 , 302 
N ERNST, 277, 399, 412 
light, 429 

Ness leu’s solution, 396 
Neumann’s law, 284 
Newlands, 289 
Newton’s metal, 233 
Niccolite, 462 
Nickel, 462 
compounds, 463 
glance, 462 
plating, 463 
steel, 455 
Niobium, 430 
Nitramide, 193 
Nitric acid, 186 
oxide, 181 
Nitrides, 163 
Nitrogen, 101 
acid derivatives of, 190 
dioxide, 183 

halogen conifwunds of, 177 
hydrogen compounds of, 171 
oxygen compounds of, 179 
ifxiide, 177 
oxygen acids, 184 
pentoxide, 184 
tetroxide, 183 
trichloride, 177 
Nitrosyl, 190 
chloride, 191 
potassium sulphate, 175 
sulphuric acid, 134 , 190 
Nitrous acid, 185 
anhydride, 182 
oxi(fe, 179 
vitriol, 191 
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Xonienclature, 95 
\orden8ki6ld, 164 
Xormal solution, 149 
Xonvariant system, 114 

Occlusion, 15, 467 
Oil of vitriol, 138 
Onvx, 264 
Opal, 264 

Open-hearth process (steel), 455 
Orpiment, 106, 216, 218, 225 
Orthite, 426 

Ortliophosphoric acid, 208 
Osmium, 466 
-iridium, 465 

Osmotic pressure, 58, 97, 160, 399 
Ostwald, 34, 37, 99, 214, 334, 340 
342. 350,370, 431,433 
Oxidation, 1$, 197, 272 
cell, 404 
Oxide, 13, 95 
Oxygen, 10, 50, 280 
group, siirnniar}' of, 152 
Oxy-luemogl ohi n , 249 
-hydrogen blowpipe, 16 
Ozone, 50 

Palladium, 467 
Paris green, 352 
Pakkes’ silver process, 354 
Paiimevides, 30 
Partial decomposition, 76 
]\assive resistances, 161 
Passivity of iron, 456 
Pasteuh-Chamberland filter, 23 
Patio, 3,54 

Paitinsonizing, 354 * ‘ 

Peat, 242 

Pcnicillium brevicaule, 218, 219 
Perchloric acid, 92 
Perchromic acid, 437 
Periodic acid, 04, 208 
Periodic system, 289 

objections to, 302, 307 
Perlite, 451 
Permanent white, 383 
IV.RROT, 72 
Persulphuric acid, 145 
Pfeffer, 60 

IMiase rule of Gibus, ttO, 309, 332, 
378, 468 

Plienol-phtalem, 346 
IMdogiston, 163 
Phosgene, 248 
Phospliam, 215 
i’liosphamide, 215 
I’hosphine, 1^ , 

Phosphonlum iodide, 201 


Phosphor-bronze, 271 
Phosphorite, 193, 371 
Phosphorous acid, 213 
Phosphorus, 193 
acids, 206 

halogen compounds, 203 
in iron, 454. 

nitrogen compounds, 215 
oxides, 205 
oxychloride, 205 
pentachloride, 204 
sulphur compounds, 214 
tricJiIoride, 203 
Phospho-tungstates, 439 
Photography, 131, 358 
Physical and chemical phenomena, 
3 

Pictet, 161 
Pig iron, 451 
Pink salt, 274, 474 
Pipette, 148 
Placer mining, 363 
Plaster of Paris, 376 
Platinamrnines, 474 
Platinic acid, 470 
Platinous chloride, 442 
Platinum, 469 
' ammonia compounds, 471 
black, 469 

double cyanides, 470 
hydroxide, 470 
metals, 464 
sponge, 469 
Plucker tubes, 171 
pLiTCKER-lIiTTORFF tubes, 385 
Pollux, 323 
Polonium, 443 
Poly-acids, 267 
Polymer, 128, 464 
Porcelain, 422 
Potash, 321 
caustic, 317 
glass, 322, 379 
Potassium, 316 
amide, 175 
antimoniates, 231 
aurate, 365 
bromide, 318 
carbonates, 321 
carbonyl, 316 
chlorate, 10, 319 
chloride, 318 
cobalti-cyanide, 462 
cobaltic nitrite, 462 
cyanate, 254 

cyanide, 254,5/5,357,362 
dichromate, 436 
ferrate, 459 
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Potassium ferricyanide, 460 
ferrocyanide, 460 
fluoride, 319 
hydroxide, 317 
imido-sulphonate, 192 
iodide, 318 
raanganate, 446 
nitrate, 10, 3^0 
nitrilo-sulphonate, 192 
osmiate, 466 
oxides, 317 
percarbonate, 252 
perchlorate, 320 
permanganate, 10, 446, 44? 
perruthenate, 466 
phosphates, 321 
ruthenate, 466 
silicate, 322 
silver cyanide, 357 
sulphates, 320 
sulphides, 322 
water-glass, 322 
Praseo-cobalt salts, 472 
Praseodymium, 427 
Precious (metals), 355, 363 
Preparing-salt, 276 
Priestley, 163, 

Priraaiy salt, 208 
Primordial substance, 30, 301, 306 
Proust, 29 
Prout, 301 

Prussian blue, 362, 460 
Prussiates, 459 

Prussiate of potash, yellow, 459 
red, 460 

Prussic acid, 254 
Puddling, 455 
Purple of Cassius, 366 
Purpureo-cobalt salts, 471 
Pyrargyrite, 353 
Pyrite, 105, 134 
Pyrites, 448 
I^rolusite, 444 
Pyrophorus, 277 
Pyrophosphoric acid, 211 
Pyrosulphuric acid, 144 

Quartz, 264 
Quick-lime, 372 
Quicksilver, 393 

Radio-activity, 441, 442 
Radio-active elements, 440 
Radium, 441 
Rain-water, 22 
Ramsay, 169, 170, 415, 443 
Rare earths, 425 
Rayleigh, 169, 188 


Reaction constant, 78 
Reaction velocity, 16, 78, 161, 180 
Realgar, 106, 216, 225 
Reduction, 77, 272 
Reefs, 361 

Refining, Electrolytic, 348, 355, 463 
Refractory material, 423 
Regnault, 285 
Regulus, 347 
Reicher, 114 
Retgers, 195, 216 
Reversible cells, 402 
Reversible reartions, 76, 403. See 
also Equilibrium. 

Reversing layer, 388 
Rhodium, 467 
Rhodochrosite, 444 
Roberts- Austen, 451 
Rock crystal, 264 
Rock salt, 304, 306 
Roozeboom, 239, 451, 468 
Rontgen rays, 470 
Rose, 417 
Rose's metal, 233 
Roseo-cobalt salts, 471 
Rubidium, 323 
Ruby, 417, 420 
Runge, 387 
Rusting, 410, 455 
Ruthenium, 466 
Rutile, 428 
Rydberg, 387 

Sal ammoniac, 327 
Saleratus, 316 
Sal mirabile Glauberl, 308 
Sal soda„310 
Salterns, 30<> 

Salt cake, 310 
Salt, common, 306 
Saltpetre, 312 
Salts, 40 
acid, 130 
complex, 422 
double, 273, 422, 474 
primaiy^ second arv, and tertiary, 
208 

Salt solutions, 3S9, 374 
Samarium, 427 
Sapphire, 417, 419 
Sassolite, 414 
Saunders, 150 
Scandium, 427 
SuHEELE, 84, 164,1193 
Scheele’s green, 352 
Scheelite, 438 
Schlippe's salt, 232 
HchOnbein, .50 
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Schweinfarth green, 218, 352 
SCHUTZENBERGBR, 131 
Scientific investigation, 1 
Sea-water, 23 
Secondary salt, 208 
Selenium, 149 
chlorine compounds of, 151 
dioxide, 151 
Selenic acid, 151 
Selenious acid, 151 
Selenio-cyanides, 152 
Semi-permeable membranes, 58 
Senarmontite, 230 
Sensitive film, 358 
salts, 357 
Serpentine, 369 
Sesquioxide, 95 
Seubert, 301 
Siderite, 448, 457 
Siemens cyanide process, 362 
process (steel), 455 
SiUca, 260, $ 64 . 

Silicic acids, 265 
suicides, 261 
Silico-chloroform, 262 
-ethane, 261 
Silicon, 252 
bronze, 271 
chlorides, 262 
in iron, 453 
nitride, 268 
sulphide, 268 
tetrafluoride, 262 
Silver, 353 
bromide, 357 
chloride, 356 
cyanide, 254 
fluoride, 357 
iodide, 357 
nitrate, 3(K) 
nitrite, 360 
oxide, 356 
peroxide, 356 
plating, 356, 357 
suboxide, 356 
sulphate, 360 
Slag, 347 
Smalt, 402 
Smaltite, 461 
Smarj^d, 368 
Smelting, 448 
Smithsonite, 389 
Soapstone, 369"' 

Soda, 304, 310 
caustic, 305 
glass, 379 
SoDuy, 443 
Sodium, 304 


Sodium amide, 175, 176 
ammonium phosphate, 328 
bicarbonate, 314 . 316 
borate. See Borax. ^ 
bromide, 308 
carbonate, 310 
chloride, ^6 
dichromate, 436 
hydroxide, 305 
iodide, 308 
nitrate, 309 
nitrite, 310 
nitroprus-side, 460 
oxides, 305 
phosphates, 310 
silicate, 316 

sulphate, 308, 334, 339, 407 
sulphantimoniate, 232 
sulphides, 316 
Sodium sulphostannate, 276 
thiosulphate, 147, 308, 358 
Soffioni, 415 

Soil, absorptive power, 267 
Solder, 271 
Solubility, 329 et seq, 
curves, 330 et seq, 
product, 119, 280, 306, 373, 379, 
392, 456, 464 
Solute, ^2 
Solution, 5, 329 
saturated, 5 
solid, 381 

supersaturated, 339 
tension, 399 
electrolytic, 277, 399 
SoLVAY soda process, 314 
Soot, 241 

i Specific heat, 283, 389 
Spectroscope, 384 
Spectrum, 383 

Soectrum analysis, 323, 383, 423, 426, 
' 441 

continuous, 256, 383 
line, 257, 384 
spark, 385 
Spelter, 390 
Sphalerite, 106, 389 
Spiegeleisen, 451 
Spirit us fumans Libavii, 274 
Spitting of silver, 12 
Spring, 21 
Stahl, 103 
Stannic acid, 274 
chloride, 274 
oxide, 275 
sulphide, 276 
Stannous chloride, 271 
hydroxide, 273 
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Stannous oxide, 273 
sulphide, 273 

Stas, 25, 26, 91, 244, 301, 355, 463 
Stassano, 450 
Status nascens, 38, 5 ^ 

Stavenhagen, 438 
Steel, 438, 451 
Stephanite, 353 
Sterling silver, 356 
St i bine, 228 
Stibnite, 106, 227 
Stoichiometry, 33 
Storage battery, 402 
Strength of an acid or a base, 102 
Stromeyerite, 353 
Strontianite, 381 
Strontium, ^1 
Sublimation, 7 
Substances (phase rule), 110 
Sulphamide, 192 
Sulpho-anhydrides, 227 
Sulphomonoper-acid, 146 
Sulphur, 104 
halogen compounds, 120 
in iron, 453 
oxides, 123 
oxygen acids, 129 
springs, 115 
Sulphuric acid, 132 
chlorides of, 144 
fuming, 128, 144 
anhydride, 128 
Sulphurous acid, 132 
anhydride, 124 
oxide, 124 

Sulphuretted hydrogen, 115 
Sulphupd, 145 
chloride, 144 

Summary of the alkali group, 324 
carbon group, 282 
chromium group, 440 
copper group, 367 
gallium group, 425 
halogen group, 96 
nitrogen group, 235 
oxygen group, 152 
platinum group, 465 
zinc group, 398 
gr(^ of the alkaline earths. 

Supercooled liquids, 109 
Superphosphate, 137, 377 
Syivanite, 151 , 361 
Sylvite, 318, 424 
Symbols, 32 

Talc, 369 
Tamman.v, 114 


Tank waste, 311, SIS 
Tantalum, 430 
Tartar emetic, 231 
Tellurio-cyanides, 152 
Tellurium, 161, 302 
acids of, 152 
dioxide, 152 
Tempering, 453 
Tertiary 208 
Testing of gold and silver, 363 
Tetraboric acid, 416 
Tetradymite, 232 
Thallium, 297, m 
Th^nard, 54, 57, 304 
Thenard’s blue, 462 
Theoiy, 2 
of indicators, 344 

Thermochemistry, 1 53. See also 
Endothermic compounds. 
Thermodynamics, 49, 110, 159, 

160 

Thermoneutrality, law of, 344 
Thionic acids, 146 
Thiosulplmric acid, 130 
Thomas and Gilchrist process, 454 
slag, 454 
Thomsen, 1.53 
Thorite, 429 
Thorium, 429 
Tin, 269 
ainalgam, 271 
butter, 274 
disease, 270 
fluoride, 274 
Tin foil, 270 
-moir5e, 270 , 
phosphide, 276 
plate, 271 
Tinkal, 417 
Titanium, 428 
Titre, 148 
Touchneedles, 363 
Touclistone, 363 

Transition point, 108, 160, 221, 270, 
308, 328, 334, 396, 407 
Traube, 54 
Travers, 170 
Triads, 289 
Tridymite, 264 
Triple point, 113 
Triph^iite. ^3 
Trithiocarbonates, 253 
Tube condenser, 188 
Tuffstone, 373 
Tungsten, 438 
steel, 438 
Twyers, 449 
Type metal, 228 
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Ultramarine, 423 
Unimolecular reactions, 79, 248 
Univariant system, 114 
Uraninite, 439, 440 
Uranium, 439 

Vacuum flask, 11, 168 
Valence, 12^, 182 
maximum, 122 
of ions, 123 
Vanadinite, 430 
Vanadium, 430 
\'a.v Bemmelen, 206 
Van der Stadt, 201, 213 
Van der Waals, 31 
Van Marijm, .30, 197 
Vax't Hoff, ,59, 61 , 330, 376 
Vax’t Hoff’s principle of mobile 
• equilibrium, 160, 330, 352 
Vapor density, metliod of Hofmann, 
46 

Victor Meyer, 72 
pressure curve, 62, 109, 112, 468 
tension, 109 
Varec, 70 
Vein mining, 361 
Velocity constant, 78 
of reaction, 78. See also Catalysis. 
Vermilion, 398 
Vitriol, blue, 3-52 
green, 457 
oil of, 138 

Vivianite, 193 ^ 

Vogel’s spectroscope, 384 
Volumetric analysis, Lj?, 186, 344, 
446,448 * • 

Vulcanizing rubber, 121 

Wackenroder’s liquid, 147 
Washing {precipitates), 5 


Washing-soda, 315 
Water, 19 
composition of, 24 
gas, 247 

glass, 265, 316, 322 
natural, 2£, 377, 457 
physical properties of, 21 
purification of, 23, 278 
Wavellite, 193 
Welding, 419 
Weldon process, 445 
Welsbach, Auer von, 427, 429 
incandescent gas light, 247, 266 
383, 426, 429, 466 
i Werner, 472 
Whitney, 441 
Winkler, 268, 299 
Witherite, 382 
Wolframite, 438 
Wood’s metal, 233 
WouLFF bottle, 19 
Wrought iron, 451 
Wulfenite, 276, 437 

Xantho-cobalt chloride, 471 
Xenon, 170, 302 

Yttefeium, 427 
Yttrium, 425 

Zinc, 389 
chloride, 391 
dust, 389 
hydroxide, 391 
oxide, 391 
sulphate, 391 
sulphide, 391 
white, 391 
Zircon, 428 
I Zirconia, 428 
I Zirconium, 428 
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Patton’s Practical Treatise on Foundations 8vo, 5 00 
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Chase’s Screw Propellers and Marine Propulsion, Svo, 3 00 
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Craig’s Azimuth. 4to, 3 50 

Crehore and Squier’s Polariring Photo-chroncgraph Svo, 3 00 

Cronkhite’s Gunnery for Non-commissioned Off cers 24mo, morocco, 2 so 

* Davis's Elements of Law Svo, 2 50 

* Treatise on the Military Law of United States Svo, 7 00 

Sheep, 7 50 

De Brack's Cavalry Outposts Duties. (Carr. ; ...... 24mo, morocco, 2 00 

Dietz's Soldier’s First Aid Handbook i6mo, morocco, i 25 

* Dredge’s Modern French Artillery. . . .4to, half morocco, 15 00 

Durand’s Resistance and Propulsion of Ships. . Svo, 5 00 

* Dyer's Handbook of Light Artillery l2mo, 3 00 

Eissler’s Modern High Explosives Svo, 4 00 

* Fiebegcr’s Text-book on Field Fortification Small Svo, 2 00 

Hamilton’s The Gunner's Catechism iSmo, i 00 

* Hoff’s Elementary Naval Tactics Svo, 1 50 

Ingalls’s Handbook of Problems in Direct Fire Svo, 4 00 

* Ballistic Tables Svo, i 50 

* Lyons’s Treatise on Electromagnetic Phenomena. Vols, I. and 11 . Svo, each, 6 00 

* Mahan’s Permanent Fortificati ons, ( M ere ur . ) 8 vo , h a If morocco , 7 50 

Manual for Courts-martial i6mo, morocco, r 50 

* Mercur’s Attack of Fortified Places 12 mo, 2 00 

* Elements of the Art of War Svo, 4 00 

Metcalf’s Cost of Manufactures— And the Administration of Workshops, Svo, 5 00 


* Ordnance and Gunnery. 2 vols. 


i2n:o, 5 00 


Hurray’s Infantry Drill Regulations iSmo, paper, to 

Nixon’s Adjutants’ Manual. 24100, i 00 


Peabody’s Naval Architecture. 


■Svo, 7 50 
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Powell’s Army Officer’s Examiner lamo, 4 00 

Sharpe’s Art of Subsisting Armies in War. i8mo, morocco, i 50 

• Walkc’s Lectures on Explosives 8vo, 4 00 

• Wheeler’s Siege Operations and Military Mining 8vo, 2 00 

Winthrop’s Abridgment of Military Law i2mo, 2 50 

Woodhull’s Notes on Military Hygiene i6mo, i 50 
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Lodge’s Notes on Assaying and Metallurgical Laboratory Experiments .... Svo, 3 00 
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Ulke’s Modern Electrolytic Copper Refining 8vo, 3 00 

Wilson’s Cyanide Processes iirao, i 50 
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Comstock’s.Field Astronomy for Engineers 8vo, 2 50 

Craig’s Azimuth 4to, 3 50 

Doolittle’s Treatise on Practical Astronomy 8vo, 4 00 

Gore’s Elements of Geodesy 8vo, 2 50 

Rayford’s Text-book of Geodetic Astronomy 8vo, 3 00 

Merriman’s Elements of Precise Surveying and Geodesy. 8vo, 2 50 

* Michie and Harlow’s Practical Astronomy 8vo, 3 oO 


* White’s Elements of Theoretical and Descriptive Astronomy 1 2mo, 2 oo 
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Davenport’s Statistical Methods, with Special Reference to Biological Variation. 

i6mo, morocco, 1 25 

Thome' and Bennett’s Structural and Physiological Botany ifimo, 2 25 

Westermaier’s Compendium of General Botany. (Schneider.) 8vo, 200 

CHEMISTRY. 

Adriance's Laboratory/Calculations and Specific Gravity Tables i2mo, i 23 


Allen’s Tables for Iron Analysis 8vo, 3 00 

Arnold's Compendium of Chemistry. (Mandel.) .Small 8vo, 3 50 

Austen's Notes for Chemical Students izmo, i 50 

Bernadou’s Smokeless Powder. — Nitro-cellulose, and Theory of the Cellulose 

Molecule i2mo, 2 50 

Bolton’s Quantitative Analysis 8vo, i so 

♦ Browning’s Introduction to the Rarer Elements 8vo, i 50 

Brush and Penfield’s Manual of Determinative Mineralogy 8vo, 4 00 

Classen’s Quantitative Chemical Analysis by Electrolysis, (Boltwood.). .8vo, 3 00 

Cohn’s Indicators and Test-papers i2mo, 2 00 

Tests and Reagents 8vo, 3 00 

Crafts’s Short Course in Qualitative Chemical Analysis. (Schaeffer.). . ,i2ino, i 50 
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Drechsel’s Chemical Reactions. (Merrill.) i2mo, 125 
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Gill’s Gas and Fuel Analysis for Engineers i2mo, i 

Grotenfelt’s Principles of Modem Dairy Practice. (WoU.) 12 mo, 2 

Hammarsten’s Text- book of Physiological Chemistry. (Mandel.) 8vo, 4 
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Hind's Inorganic Chemistry. 8vo, 3 
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Landauer’s Spectrum Analysis. (Tingle ) 8vo, 3 

* Langworthy and Austen, The Occurrence of Aluminium in Vege able 

Ih'oducts, Animal Products, and Katural Waters 8vo, 2 

Lassar -Cohn’s Practical Urinary Analysis. (Lorenz.)., i2mo, i 

Application of Some General Reactions to Investigations in Organic 

Chemistry. (Tingle.) izmo, i 

Leach’s The Inspection and Analysis of Food with Special Reference to State 

Control 8vo, y 

Lob’s Electrolysis and Electrosynthesis of Organic Compounds. (Lorenz i.izmo, i 
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Lunge’s Techno-chemical Analysis. (Cohn.) uino, i 

Handel's Handbook for Bio-chemical Laboratory umo, 1 

* Martin’s Laboratory Guide to Qualitative Analysis with the Blowpipe . umo, 
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Matthew’s The Textile Fibres .8vo, 3 
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Milter’s Elementary Text-book of Chemistry. i?mo, 1 

Morgan’s Outline of Theory of Solution and its Results i imo. i 
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O’Brine’s Laboratory Guide in Chemical Analysis 8vo, 2 
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* Reisig's Guide to Piece-dyeing. , . 8vo, 25 00 

Richards and Woodman's Air, Water, and Food from a Sanitary Standpoint 8vo, 2 00 

Richards’s Cost of Living Modified by Sanitary Science iimo, 1 00 

Cost of Food, a Study in Dietaries i2Cjo, 1 00 

* Richards and Williams’s The Dietary Computer 8vO, i 50 

Ricketts and Russell’s Skeleton Notes upon inorganic Chemistry. (Part I. 

Non-metallic Elements.) 8 to, morocco, 75 

Ricketts and Miller’s Notes on Assaying. 8vo, 3 00 

Rideai's Sewage and the Bacterial Purificaf on of Sewage 8vo, 3 50 

Disinfection and the Preservation of Food 8vo, 4 00 

Rigg’s Elementary Manual for the Chemical Laboratory 8vo, i 25 

Rostoski’s Serum Diagnosis. (Bolduan.) i2mo, i 00 

Ruddiman's Incompatibilities in Prescriptions 8vo, 2 00 

Sabin's Industrial and Artistic Technology of Paints and Varnish 8vo, 3 00 

Salkowski’s Physiological and Pathological Chemistry. (Orndorff.) 8vo, 2 50 

Schimpf’s Text-book of Volumetric Analysis 121110, 2 50 

Essentials of Volumetric Analysis i2mo, 125 

Spencer’s Handbook for Chemists of Beet-sugar Houses i6nio, morocco, 3 00 

Handbook for Sugar Manufacturers and their Chemists. . i6mo, morocco, 2 00 

Stockbridge’s Rocks and Soils 8vo, 2 50 

* Tillman’s Elementary Lessons in Heat 8vo, i 50 

* Descriptive General Chemistry 8vo, 300 

Treadwell’s Qualitative Analysis. (Hall.) 8vo, 3 00 

Quantitative Analysis. (Hall.) 8vo, 4 00 

Turneaure and Russell’s Public Water-supplies 8vo, 5 00 

Van Deventer’s Physical Chemistry for Beginners. (Boltwood.) i2ino, i 50 

* Walke’s Lectures on Explosives 8vo, 4 00 

Washington’s Manual of the Chemical Analysis of Rocks 8vo, 2 00 
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Weh’s Laboratory Guide in Qualitative Chemical Analysis 8vo, i 50 

Short Course in Inorganic Qualitative Chemical Analysis for Engineering 

Students 12 mo, x 50 
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Whipple’s Microscopy of Drinking-water 8vo, 3 50 

Wilson’s Cyanide Processes iimo, x 50 

Chlorination Process. i2mo, i 50 

WuUicg’s Elementary Course in Inorganic, Pharmaceutical, and Medical 

Chemistry i2ir.o, 2 00 

CIVIL ENGINEERING. 

BRIDGES AND ROOFS. HYDRAULICS. MATERIALS OF ENGINEERING. 
RAILWAY ENGINEERING. 

Baker's Engineers’ Surveying Instruments. i2mo, 3 00 

Bixby’s Graphical Computing Table Paper 19^X24! inches. 25 

♦* Burr’s Ancient and Modem Engineering and the Isthmian CanaL (Postage, 

27 cents additional.) 8vo, 350 

Comstock's Field Astronomy for Engineers 8vo, 2 50 

Davis’s Elevation and Stadia Tables 8vo, i 00 

Elliott’s Engineering for Land Drainage i2mo, i 50 

Practical Farm Drainage i2mo, l 00 

Fiebeger’s Treatise on Civil Engineering. (In press.) 

Folurell’s Sewerage. (Designing and Maintenance. 8vo, 3 00 

Freitag’s Architectural Engineering. 2d Edition, Rewritten 8vo, 3 50 

French and Ives’s Stereotomy 8vo, 2 50 

Goodhue’s Municipal Improvements i2iro, i 75 

Goodrich’s Economic Disposal of Towns’ Refuse 8vo, 3 50 

Gore’s Elements of Geodesy Svo, 2 50 

Hai’ford’s Text-book of Geodetic Astronomy cvo, 3 00 

Hering’s Ready Reference Tables (Conversion Factors^ i6mo, morocco. 2 50 
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Bowe’s Retaining Walls for Earth. i2mo, 

Johnson’s (J. B.) Theory and Practice of Surveying Small 8vo, 

Johnson’s (L. J.) Statics by Algebraic and Graphic Methods 8vo, 

Laplace’s Philosophical Essay on Probabilities. (Truscott and Emory.) . i2mo, 
Idahan’s Treatise on Civil Engineering. (1873.) (Wood.) 8vo, 

* Descriptive Geometry, 8vo, 

Merriman’s Elements of Precise Surveying and Geodesy. .8vo, 

Elements of Sanitary Engineering 8vo, 

Merriman and Brooks’s Handbook for Surveyors ibrno, morocco * 

Rugent’s Plane Surveying 8vo, 

Ogden’s Sewer Design lamo, 

Patton’s Treatise on Civil Engineering 8vo half leather, 

Reed's Topographical Drawing and Sketching 4to, 

Rideal's Sewage and the Bacterial Purification of Sewaj^e. 8vo, 

Siebert and Biggin’s Modem Stone-cutting and Masonry 8vo, 

Smith’s Manual of Topographical Drawing. (McMillan.) 8vo, 

Sondericker’s Graphic Statics, with Applications to Trusses, Beams, and Arches. 

8vo, 

Taylor and Thompson’s Treatise on Concrete, Plain and Reinforced 8vo, 

* Trautwine’s Civil Engineer’s Pocket-book i6mo, morocco, 

Wait’s Engineering and Archi.ectural Jurisprudence 8vo, 

Sheep, 

Law of Operations Preliminary to Construction in Englr eering and Archi- 
tecture 8vo, 

Sheep, 

Law of Contracts 8vo, 


Warren’s Stereotomy — Problems in Stone-cutting 8vo, 

Webb’s Problems in the Use and Adjustment of Engineering Instruments. 

lomo, morocco, 

* Wheeler s Elementary Course of Civil Engineering 8vo, 

Wilson’s Topographic Surveying 8vo, 
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BRIDGES AND ROOFS. 

Boiler's Practical Treatise on the Construction of Iron Highway Bridges . 8ro, 2 00 


* Thames River Bridge 4to, paper, 5 00 

Butt's Course on the Stresses in Bridges and Roof Trusses, Arched Ribs, and 

Suspension Bridges 8vo, 350 

Burr and Falk’s Influence Lines for Bridge and Roof Computations , Svo, 3 00 

Du Bois’s Mechanics of Engineering. Vol. H Small 4to, 10 00 

Foster’s Treatise on Wooden Trestle Bridges 4to, 5 00 

Fowler’s Ordinary Foundations V . . v 8vo, 3 so 

Greene’s Roof Trusses 8vo, i 25 

Bridge Trusses 8vo, 250 

Arches in Wood, Iron, and Stone 8vo, 2 50 

Howe’s Treatise on Arches. 8vo, 4 00 

Design of Simple Roof-trusses in Wood and Steel 8vo, 2 00 

Johnson, Bryan, and Turneaure’s Theory and Practice in the Designing of 

Modem Framed Structures Small 4to, 10 00 

Merriman and Jacoby’s Text-book on Roofs and Bridges : 

Parti. Stresses in Simple Trusses 8vo, 250 

Part n. Graphic Statics 8vo. 2 50 

Partin. Bridge Design 8vo, 250 

Partly, Higher Structures 8vo, 250 

Morison’s Memphis Bridge 4to, 10 00 

Waddell’s De Pontibus, a Pocket-book for Bridge Engineers. . i6mo, morocco, 3 00 

Specifications for Steel Bridges ixmo, i 25 

Wood’s Treatise on the Theory of the Constiuction of Bridges and Roofs . . Svo, 2 
Wright’s Designing of Draw-spans: 

Parti- Rlate-girder Draws Svo, 2 SO 

Part n, Riveted-tniss and Pin-connected Long-span Draws Svo, 2 50 

Two partf in one votome 8 to« 3 50 
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HYDRAULICS, 


Bazin's Experiments upon the Contraction of the Liquid Vci.i Issuing from 

an Orifice. (Trautwine.) 8vo, 2 00 

Bovey's Treatise on Hydraulics ,8vo, 5 00 

Church’s Mechanics of Engineering 8 to, 6 00 

Diagrams of Mean Velocity of Water in Open Channels payer, i 50 

Coffin’s Graphical Solution of Hydraulic Problems. i6mo, morocco, 2 50 

Flather’s Dynamometers, and the Measurement of Power izmo, 3 00 

Folwell’s Water-supply Engineering 8vo, 4 00 

Frizell’s Water-power 8vo, 5 

Fuertes’s Water and Public Health i2mo, i 50 

Water-filtration Works nmo, 250 

Ganguillet and Kutter’s General Formula for the Uniform Flow of Water in 

Rivers and Other Channels. (Bering and Trau vine.) 8vo 400 

Hazen’s Filtration of Public Water-supply 8vo, 3 00 

Hazlehurst’s Towers and Tanks for Water- works 8vo, 2 50 

Herscbel’s 115 Experiments on the Carrying Capacity of Large, Riveted, Metal 

Conduits ’ . . .8vo, 2 00 

Mason’s Water-supply. (Considered Principally from a Sanitary Standpoint.) 

8vo, 4 OG 

Mciriman’s Treatise on Hydraulics 8vo, 5 00 

♦ Michie’s Elements of Analytical Mechanics .8vo, 4 00 

Schuyler’s Reservoirs for Irrigation, Water-power, and Domestic Water- 

supply Large 8vo, 5 00 

♦* Thomas and Watt’s Improvement of Rivers. (Post., 44c. additional,). 4to, 6 00 

Turneaure and Russell’s Public Water-supplies 8vo, 5 00 

Wegmann’s Design and Construction of Dams 4to, 5 00 

Water-supply of the City of Mew York from 1658 to i8gs 4to, 10 00 

Wilson’s Irrigation Engineering Small 8vo, 4 00 

Wolff’s Windmill as a Prime Mover 8vo, 3 00 

Wood’s Turbines 8vo, 2 50 

Elements of Analytical Mechanics 8vo, 3 00 

MATERIALS OF ENGINEERING. 

Baker's Treatise on Masonry Construction . .8vo, 5 00 

Roads and Pavements 3 vo, 5 00 

Black’s United States Public Works Oblong 4tD, 5 00 

Bovey’s Strength of b^tca-iak and Theory of Structures Svd, 7 St- 

Burr’s Elasticity and Resistance of the Materials of Engineering. Svc, 7 5c 

Byrne’s Highway Construction 8vo, 5 oc 

Inspection of the Materials and Workmanship Employed in Construction. 

i6mo, 3 0* 

Church’s Mechanics of Engineering 8vo, 6 oc 

Du Bois’s Mechanics of Engineering. VoL I. Small 4to, 7 SO 

Johnson's Materials of Construction Large 8vo, 6 oc 

Fowler’s Ordinary Foundations 8vo, 3 5c 

Keep’s Cast Iron 8vo, 2 50 

Lanza’s Applied Mechanics 8vo, 750 

Marten’s Handbook on Testing Materials. ^.Henning.) 2 vols 8vo, 7 50 

Merrill’s Stones for Building and Decoration 8vo, 5 00 

Merri man’s Text-book on the Mechanics of Materials 8vo, 4 00 

Strength of Materials 12 mo, i 00 

Metcalf's Steel. A Manual for Steel-users i2mo, 2 00 

Patton’s Practical Treatise on Foundations 8vo, 5 00 

Richardson’s Modern Asphalt Pavements. 8 to, 3 00 

Richey’s Handbook for Superintendents of Construction lOmo.mor., 4 00 

Rockwell’s Roads and Pavements in France lamo, i as 
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Sabinas Industrial and Artistic Technoiogj of Paints and Varnish 8ro, 3 00 

Smith’s Materials of Machines t2ino, 1 00 

Snow’s Principal Species of Wood .8vo, 3 go 

Spalding’s Hydraulic Cement iimot 2 00 

Text-book on Roads and Pavements. lamo, 2 00 

Taylor and Thompson’s Treatise on Concrete, Plain and Reinforced. 8vo, 5 00 

Thurston’s Materials of Engineering. 3 Parts 8vo, 8 00 

Part I. Non-metallic Materials of Engineering and Metallurgy 8vo, 2 00 

Part II. Iron and Steel 8vo, 3 50 

Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 8vo, 2 50 

Thurston's Teit-book of the Materials of Construction 870, 5 00 

Tillson’s Street Pavements and Paving Materials .870, 4 00 

Waddell’s De Pontibus. f * Pocket-book for Bridge Engineers.). . i6mo, mor., 3 00 

Specifications for Stc i Bridges 12 mo, i 25 

Wood’s (De V.) Treatise on the Resistance of Materials, and an Appendix on 

the Preservation of Timber 8vo, 2 00 

Wood's (De V.) Elements of Analytical Mechanics 8vo, 3 00 

Wood's (M. P.) Rustless Coatings; Corrosion and Electrolysis of Iron and 

Steel 8vo, 4 00 

RAILWAY ENGINEERING. 


Andrew’s Handbook for Street Railway Engineers.. . , .3x5 inches, morocco, 1 25 

Berg’s Buildings and Structures of American Railroads 4to, 5 00 

Brook’s Handbook of Street Railroad Location ifimo, morocco, i 50 

Butt’s Civil Engineer's Field-book i6mo, morocco, 2 50 

Crandall’s Transition Curve i6mo, morocco, i 50 

Railway and Other Earthwork Tables 8vo, i 50 

Dawson’s “Engineering” and Electric Traction Pocket-book. .i6mo, morocco, 5 00 
Dredge’s History of the Pennsylvania Railroad: (1879) Paper, 5 00 

* Drinker’s Tunnelling, Explosive Compounds, and Rock Drills. 4to, half mor., 25 00 

Fisher’s Table of Cubic Yards Cardboard, 25 

Godwin’s Railroad Engineers* Field-book and Explorers’ Guide. . . i6mo, mor., 2 50 

Howard’s Transition Curve Field-book i6mo, morocco, i 50 

Hudson's Tables for Calculating the Cubic Contents of Excavations and Em- 
bankments 8vo, I 00 

Molitor and Beard’s Manual for Resident Engineers i6mD, 1 00 

Nagle’s Field Manual for Railroad Engineers i6mo. morocco, 3 00 

Philbrick’s Field Manual for Engineers. i6mo, morocco, 3 00 

Searles’s Field Engineering. . i6mo, morocco, 3 00 

Railroad Spiral i6mo, morocco, i 50 

Taylor's Prismoidal Formula and Earthwork 8vo, i 50 

* Trautwine’s Method of Calculating the Cube Contents of Excavations and 

Embankments by the Aid of Diagrams 8vo, 2 00 

The Field Practice of Laying Out Circular Curves for Railroads. 

i i2mo, morocco, 2 50 

Cross-section Sheet Paper, 25 

Webb's Railroad Construction i6mo, morocco, 5 00 

Wellington's Economic Theory of the Location of Railways Small 8vo, 5 00 


DRAWING, 

Barr's Kinematics of Machinery. 8vo, 2 50 

♦ Bartlett’s Mechanical Drawing 8vo, 3 o‘> 

♦ " “ “ Abridged Ed 8 vo, i 5 ® 

Coolidge’s Manual of Drawing 8vo, paper i 00 

Coolidge and Freeman’s Elements of General Drafting for Mechanical Engi- 
neers Oblong 4to, 2 50 

Durley’s Kinematics of Machines 8 vo, 4 00 

Emch's Introduction to Projective Geometry and iti Applications 8vo. 2 50 
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Hill’s Text-book on Shades and Shadows, and Perspective Svo, 2 09 

Jamison’s Elements of Mechanical Drawing giro, 2 50 

Jones’s Machine Design : 

Part I. Kinematics of Machinery. gvo, i 50 

Part n. Form* Strength, and Proportions of Parts. 8vo, 3 00 

MacCord’s Elements of Descriptive Geometry ,8vo, 3 00 

Kinematics; or, Practical Mechanism 8 to, 500 

Mechanical Drawing. 4to, 4 00 

Velocity Diagrams. ... gvo, i 50 

• Mahan’s Descriptive Geometry and Stone-cutting. 8vo, i 50 

Industrial Drawing. (Thompson,). , . .gvo, 3 so 

Moyer’s Descriptive Geometry, .gvo, 2 00 

Reed’s Topographical Drawing and Sketching. 4to, 5 00 

Reid’s Course in Mechanical Drawing, 8vo, 2 00 

Text-book of Mechanical Drawing and Elementary Machine Design. 8vo, 3 00 

Robinson's Principles of Mechanism 8vo, 3 00 

Schwamb and Merrill’s Elements of Mechanism gvo, 3 00 

Smith’s Manual of Topographical Drawing. (McMillan.) 8vo, 250 

Warren’s Elements of Plane and Solid Free-hand Geometrical Drawing. i2mo, i 00 

Drafting Instruments and Operations lamOi i 25 

Manual of Elementary Projection Drawing i2mo, i 50 

Manual of Elementary Problems in the Linear Perspective of Form and 

Shadow 12010, i 00 

Plane Problems in Elementary Geometry 121110, i 25 

Primary Geometry 12010, 75 

Elements of Descriptive Geometry, Shadows, and Perspective 8vo, 3 50 

General Problems of Shades and Shadows 8vo, 3 00 

Elements of Machine Construction and Drawing 8 vo, 7 50 

Problems, Theorems, and Examples in Descriptive Geometry gvo, 2 50 

Weisbach’s Kinematics and Power of Transmission. (Hermann and Klein)8vo, 5 00 

Whelpley’s Practical Instruction in the Ait of Letter Engraving. 12 mo, 2 00 

Wilson’s (H. M.) Topographic Surveying ,8vo, 3 50 

Wilson’s (V. T.) Free-hand Perspective 8vo, 2 50 

Wilson’s (V. T.) Free-hand Lettering. 8vo, i 00 

Woolf's Elementary Course in Descriptive Geometry Large 8vo, 3 00 


ELECTRICITY AND PHYSICS. 


Anthony and Brackett’s fex?-book of Physics. (Magie.) Small 8vo, 3 00 

Anthony’s Lecture-notes on the Theory of Electrical Measurements — lamo, i 00 

Benjamin’s History of Electricity 8vo, 3 00 

Voltaic Cell 8vo, 300 

Classen’s Quantitative Chemical Analysis by Electrolysis. (BoItwood.),8vo, 3 00 

Crehore and Squicr’s Polariiing Photo-chronograph 8vo, 3 00 

Dawson's " Engineering” and Electric Traction Pocket-book, ifimo, morocco, 5 00 
Dolezalek's Theory of the Lead Accumulator (Storage Battery). (Von 

Endc.) i2rao, 2 50 

Duhem’s Thermodynamics and Chemistry. (Burgess.) 8vo, 4 00 

Flathcr’s Dynamometers, and the Measurement of Power lamo, 3 00 

Gilbert’s De Magnete. (Mottelay.) 8vo, 2 50 

Hanchett’s Alternating Currents Explained. ramo, i 00 

Bering’s Ready Reference Tables (Conversion Factors) i 6 mo, morocco, 2 50 

Holman’s Precision of Measurements 8vo, 2 00 

Telescopic Mirror-scale Method, Adjustments, and Tests Large 8vo, 75 

Kinzbrunner's Testing of Continuous-Current Machines gvo, 2 00 

Landauer’s Spectrum Analysis. (Tingle.) 8vo, 3 00 


L« Chate lien’s High-temperature Measurements. (Boudouard— Burgess.) i2mo, 3 00 
Lbb’s Electrolysis and Electrosynthesis of Organic Compounds. (Lorenz.) lamo, i 00 



Lyons’s Treatise on Electromagnetic Phenomena. Vols, 1. and U. 8to, each, 6 oo 

* Michie’s Elements of Wave Motion Relating to Sound and Light 8vo, 4 00 

Kiaudet’s Elementary Treatise on Electric Batteries. (Fishback.), . . . .lamo, 2 50 

* Rosenberg’s Electrical Engineering. (Haldane Gee — Kinibrunner.). , .8vo, 150 

Ryan, Rorris, and Hoxie’s Electrical Machinery, VoL 1 8vo, 2 50 

Thurston’s Stationary Steam-engines — ; .8vo, a 50 

* Tillman’s Elementary Lessons in Heat 8vo, i 50 

Tory and Pitcher’s Manual of Laboratory Physics. Small 8vo, 2 00 

Hike’s Modem Electrolytic Copper Refining 8vo, 3 00 


LAW. 


* Davis's Elements of Law 8vo, 2 50 

♦ Treatise on the Military Law of United States 8vo, 7 00 

t Sheep, 7 50 

Manual for Courts-martiaL i6mo, morocco, i 50 

Wait’s Engineering and Architectural Jurisprudence 8vo, 6 00 

Sheep, 6 50 

Law of Operations Preliminary to Construction in Engineering and Archi- 
tecture S 00 

Sheep, 5 50 

Law of Contracts 8vo, 3 00 

Winthxop’s Abridgment of Military Law i jmo, 2 50 


MAJrCTFACTURES. 


Bernadou’s Smokeless Powder— Hitro-cellulose and Theory of the Cellulose 

Molecule 2 50 

BoUand’s Iron Founder i2mo, 2 50 

“The Iron Founder," Supplement i2tno, 2 50 

Encyclopedia of Founding and Dictionary of Foundry Terms Used in the 

Practice of Moulding 12100, 3 00 

Eissler’s Modern High Explosives 8vo, 4 00 

ESront’s Enzymes and their Applications. (Prescott.) 8vo, 3 00 

Fitzgerald’s Boston Machinist irmo, i 00 

Ford’s Boiler Making for Boiler Makers ifimo, i 00 

Hopkin’s Oil-chemists* Handbook 8vo, 3 00 

Keep's Cast Iron 8vo, 2 50 

Leach's The Inspection and Analysts of Food with Spec«al ?.efcrence to State 

Control Large 8vo, 7 50 

Matthews’s The Textile Fibres 8'’o, 3 50 

Metcalf's Steel. A Manual for Steel-users izmo, 200 

Metcalfe's Cost of Manufactures— And the Administration of Workshops 8vo, 5 00 

Meyer's Modem Locomotive Construction 4to, 10 00 

Morse's Cakulations used in Cane-sugar Factories i6mo, morocco, 1 50 

♦ Reisig’s Guide to Piece-dyeing 8vo, 25 00 

Sabin’s Industrial and Artistic Technology of Paints and Varnish. 8vo, 3 00 

Smith’s Press-working of Metals .8vo, 3 00 

Spaldiag’s Hydraulic Cement izrao, 2 00 

Spencer’s Handbook for Chemists of Beet-sugar Houses. . . . ifimo, morocco, 3 00 

Handbook for Sugar Manufacturers and their Chemists . i6mo, morocco, 2 oi. 

Taylor and Thompson’s Treatise on Concrete, Plain and Reinforced dvo. 5 00 

Thurston’s Manual of Steam-boilers, their Designs, Construction and Opera- 
tion. .. 8vo, 5 00 

♦ WaUte’s Lectures on Explosives 8vo, 4 00 

Ware’s Manufacture of Sugar. (In press.) 

West’s American Foundry Practice izmo, 2 50 

Moulder’s Text-book. lamo, a so 
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Wolff’s Windmill as a Prime Mover 8vo, 3 00 

Wood’s Rustless Coatings: Corrosion and Electrolysis of Iron and Steel. .8vo, 4 00 


MATHEMATICS. 


Baker’s Elliptic Functions 8yo, i 50 

♦ Bass’s Elements of Differential Calculus i2mo, 4 00 

Briggs’s Elements of Plane Analytic Geometry izmo, i»oo 

Compton’s Manual of Logarithmic Computations izmo, i 50 

Davis’s Introduction to the Logic of Algebra 8to, i 50 

♦ Dickson’s College Algebra Large izmo, i 50 

♦ Introduction to the Theory of Algebraic Equations Large lamo, i 25 

Emch’s Introduction to Projective Geometry and its Applications 8vo, 2 50 

Halsted’s Elements of Geometry 8vo, i 75 

Elementary Synthetic Geometry 8vo, i 50 

Rational Geometry 12 mo, i 75 


♦Johnson's (J. B.) Three-place Logarithmic Tables: Vest-pocket size. paper, 15 

100 copiesffor 5 00 
Mounted on heavy cardboard, 8 X 10 inches, 25 
10 copies for 2 00 

Johnson’s (W. W.) Elementary Treatise on Differential Calculus . Small 8vo, \ 00 
Johnson’s (W. W.) Elementary Treatise on the Integral Calculus , Small 8vo, i 50 

Johnson’s (W. W.) Curve Tracing in Cartesian Co-ordinates izmo, 1 00 

Johnson’s (W, W.) Treatise on Ordinary and Partial Differential Equations. 

Small 8vo, 3 50 

Johnson’s CW. W.) Theory of Errors and the Method of Least Squares. izma, i 50 

* Johnson’s (W. W.) Theoretical Mechanics izmo, 3 00 

Laplace’s Philosophical Essay on Probabilities. (Truscott and Emory.), izmo, 2 00 

♦ Ludlow and Bass. Elements of Trigonometry and Logarithmic and Other 

Tables 8vo, 3 00 

Trigonometry and Tables published separately Each, 2 00 

♦Ludlow’s Logarithmic and Trigonometric Tables 8vo, i 00 

Maurer’s Technical Mechanics 8, 4 oo 

Merriman and Woodward's Higher Mathematics. 8vo, 5 00 

Merri man's Method of Least Squares 8vo,‘ 2 00 

Rice and Johnson’s Elementary Treatise on the Differential Calculus. . Sm. 8vo, 3 00 

Differential and Integral Calculus. 2 vols. in one Small 8vo, 2 50 

Wood's Elements of Co-ordinate Geometry 8vo, 2 00 

Trigonometry: Analytical, Plane, and Spherical i2mo, i 00 


MECHANICAL ENGINEERING. 


MATERIALS OF ENGINEERING, STEAM-ENGINES AND BOILERS. 

Bacon’s Forge Practice izmo, 1 50 

Baldwin’s Steam Heating for Buildings ^^mo, 2 50 

Barr’s Kinematics of Machinery 8vo, 2 50 

♦ Bartlett’s Mechanical Drawing 8vo, 3 00 

* “ '* '* Abridged Ed 8vo, i 50 

Benjamin’s Wrinkles and Recipes mo, 2 00 

Carpenter’s Experimental Engineering 8vo, 6 00 

Heating and Ventilating Buildings 8vo, 4 00 

Cary’s Smoke Suppression in Plants using Bituminous Coal. (In Prepara- 
tion.) 

Clerk’s Gas and Oil Engine ^ Small 8 vo, 4 00 

Coolidge’s Manual of Drawing. paper. i 00 

Coolidge and Freeman’s Elements of General Drafting for Mechanical Ea- 

Oblong 4to, 2 50 
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Cromwell’s Treatise on Toothed Gearing i2mo, i 50 

Treatise on Belts and Pulleys iimo, t 50 

Durley’s Kinematics of Machines. Sro, 4 00 

Flather’s Dynamometers and the Measurement of Power I2m0t 3 00 

Rope Driving i2mo, 3 00 

Gill's Gas and Fuel Analysis for Engineers izmo, i 25 

Ball's Car Lubrication i2mo. i 00 

Bering’s Ready Reference Tables (Conversion Factors) i6mo, morocco, 2 50 

Button's The Gas Engine 8vo, 5 00 

Jamison's Mechanical Drawing 8vo, 250 

Jones’s Machine Design: 

Part 1. Kinematics of Machinery. 8vo, i 50 

Part II. Form, Strength, and Proportions of Parts 8vo, 3 00 

Kent’s Mechanical Engineers’ Pocket-book i6mo, morocco, 5 00 

Kerr's Power and Power Transmission 8vo, 2 00 

Leonard’s Machine Shop, Tools, and Methods. (In press.) 

Lorenz’s Modem Refrigerating Machinery. (Pope, Baven, and Dean.) (In press.) 

MacCord's.Kinematics; or, Practical Mechanism 8vo, 500 

Mechanical Drawing 4to, 4 00 

Velocity Diagrams 8vo, i 50 

Mahan’s Industrial Drawing. (Thompson.) Bvo, 350 

Poole's Calorific Power of Fuels 8vo, 3 00 

Retd’s Course in Mechanical Drawing 8vo, 2 00 

Text-book of Mechanical Drawing and Elementary Machine Design. 8vo, 3 00 

Richard's Compressed Air 1 2nio, i 50 

Robinson’s Principles of Mechanism 8vo, 3 00 

Schwamb and Merrill’s Elements of Mechanism, . . 8vo, 3 00 

Smith’s Press-working of Metals 8vo, 3 00 

Thurston's Treatise on Friction and Lost Work in Machinery and Mill 

Work 8 VO, 3 00 

Animal as a Machine and Prime Motor, and the Laws of Energetics , i zmo, i 00 

Warren’s Elements of Machine Construction and Drawing 8vo, 7 50 

Weisbach’s Kinematics and the Power of Transmission. (Herrmann — 

Klein.) 8vo, 5 00 

Machinery of Transmission and Governors. (Herrmann — Klein.}. .8vo, 5 00 

Wolff’s Windmill as a Prime Mover 8vo, 3 00 

Wood’s Turbines 8vo, 2 50 


MATERIALS OF EWGINEEMG. 


Bovey’s Strength of Materials and Theory of Structures 8vo, 7 50 

Burr’s Elasticity and Resistance ot the Materials of Engineering. 6th Edition, 

Reset — 8vo, 750 

Church’s Mechanics of Engineering 8vo, 6 oo 

Johnson’s Materials of Construction 8vo, 6 00 

Keep’s Cast Iron 8vo, 2 50 

Lanza’s Applied Mechanics 8vo, 7 50 

Martens’s Handbook on Testing Materials. (Henning.) 8vo, 750 

Merriman's Text-book on the Mechanics of Meterials 8vo, 4 00 

Strength of Materials lamo, i 00 

Metcalf’s Steel A manual for Steel-users lamo. 2 00 

Sabin’s Industrial and Artistic Technology of Paints and Varnish 8vo, 3 00 

Smith's Materials of Machines izmo, i 00 

Thurston’s Materials of Engineering .3 voU., 8vo, 8 00 

Part U. Iron and Steel 8vo, 3 50 

Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 8vo, 2 50 

Text-book of the Materials of Construction 8vo, 5 
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Wood’s (De V.) Treatise on the Resistance of Materials and an Appendix on 

the Presemtion of Timber 8vo, 2 00 

Wood’s (De V.) Elements of Analytical Mechanics. 8vo, 3 00 

food’s (H. P.) Rustless Coatings; Corrosion and Electrolysis of lion and 

Steel 8vo, 400 

STEAM-ENGINES AND BOILERS. 

Berry’s Temperature-entropy Diagram. ixmo, i 25 

Carnot's Reflections on the Motive Power of Heat (Thurston.). . . - . .i2mo, i 50 

Dawson’s “ Engineering ” and Electric Traction Pocket-book. . . . i6mo, mor., g 00 

Ford’s Boiler Making for Boiler Makers i8mo, i 00 

Goss’s Locomotive Sparks 8yo» 2 00 

Hemenway’s Indicator Practice and Steam-engine Economy i2mo, 2 00 

Hutton’s Mechanical Engineering of Power Plants 8vo, 5 00 

Heat and Heat-engines Svo, 5 00 

Kent’s Steam boiler Economy 8vo, 4 00 

Kneass’s Practice and Theory of the Injector, Svo, i 50 

MacCord's Slide-valves Svo, 2 00 

Meyer’s Modern Locomotive Construction 4to, 10 00 

Peabody’s Manual of the Steam-engine Indicator i2mo, i 50 

Tables of the Pro'perties of Saturated Steam and Other Vapors Svo, i 00 

Thermodynamics of the Steam-engine and Other Heat-engines Svo, 5 00 

Valve-gears for Steam-engines. , ,8yo, 2 50 

Peabody and Miller’s Steam-boilers Svo, 4 00 

Pray’s Twenty Years with the Indicator. Large Svo, 2 go 

Pupin's Thermodynamics of Reversible Cycles in Gases and Saturated Vapors. 

(Osterberg.)' i2nio, i 25 

Reagan’s Locomotives: Simple Compound, and Electric i2mo, 2 50 

Rontgen’s Principles of Thermodynamics. (Du Bo is.) Svo, 5 00 

Sinclair’s Locomotive Engine Running and Management i2mo, 2 00 

Smart's Handbook of Engineering Laboratory Practice i2mo, 2 50 

*kiow’s Steam-boiler Practice Svo, 3 00 

Spangler’s Valve-gears. Svo, 2 go 

Notes on Thermodynamics i2rao, i 00 

Spangler, Greene, and Marshall’s Elements of Steam-engineering Svo, 3 00 

Thurston’s Handy Tables Svo, i 50 

Manual of the Stcan^er^ine 2 vols., Svo, 10 00 

Parti. History,Structure, and Theory Svo, 600 

Part H. Design, Construction, and Operation Svo, 6 00 

Handbook of Engine and Boiler Trials, and the Use of the Indicator and 

the Prony Brake Svo, 5 00 

Stationary Steam-engines Svo, 2 50 

Steam-boiler Explosions in Theory and in Practice i2mo, i 50 

Manual of Steam-boilers, their Designs, Construction, and Operation. . . . .8vo, 5 00 

WeUbacb’s Heat. Steam, and Steam-engines. (Du Bois.).. Svo, g 00 

Whitham’s Steam-engine Design Svo, 5 00 

Wilson’s Treatise on Steam-boilers, (Elathcr.) i6mo, a 50 

Wood’s Thermodynamics, Heat Motors, and Refrigerating Machines. .. Svo, 4 00 

MECHANICS AND MACHINERY. 

Barr's Kinematics 0! Machinery Svo, 2 go 

Botey’s Strength of Materials and Theory of Structures Svo, 7 50 

Chase’s The Art of Pattern-making lamo, 2 50 

Church’s Mechanics of Engineering. , • . .8vo, 6 00 
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ChiiTch*8 Notes and Examples in Mechanics. Sto, i oo 

Compton’s First Lessons in Metal-working ixmo, i 50 

Compton and De Groodt’s The Speed Lathe . . ^ 12 mo, 1 50 

Cromwell’s Treatise on Toothed Gearing i2mo, 1 go 

Treatise on Belts and Pulleys. lamo, t 50 

Dana’s Text-book of Elementary Mechanics for Colleges and Schools. . lamo, i 50 

Dingey’s Machinery Pattern Making ramo, 2 00 

Dredge’s Record of the Transportation Exhibits BxiUding of the World’s 

Columbian Exposition of 1893 4to half morocco, 5 00 

Du Bois’s Elementary Principles of Mechanics : 

VoL I. Kinematics 8vo, 3 50 

Vol II. Statics 8vo, 4 00 

VoL IIL Kinetics 8vo, 3 50 

Mechanics of Engineering. Vol. I Small 4to, 750 

VoL II Small 4to, 10 00 

Durley’s Kinematics of Machines 8vo, 4 00 

Fitzgerald’s Boston Machinist i6mo, i 00 

Flather's Dynamometers, and the Measurement of Power. lamo, ’3 00 

Rope Driving i2mo, 2 00 

Goss’s Locomotive Sparks 8vo, 2 00 

Hail’s Car Lubrication. i2mo, 1 00 

Holly’s Art of Saw Filing i8mo. 75 

James’s Kinematics of a Point and the Rational Mechanics of a Particle. Sm.8vo,2 00 

♦ Johnson’s (W. W.) Theoretical Mechanics. iimo, 3 00 

Johnson's (L. J.) Statics by Graphic and Algebraic Methods ,8vo, 2 00 

Jones’s Machine Design : 

Part L Kinematics of Machinery. 8vo, i 50 

Part IL Form, Strength, and Proportions of Parts 8vo, 3 00 

Kerr’s Power and Power Transmission 8vo, 2 00 

Xomza’s Applied Mechanics 8vo, 7 50 

Leonard’s Machine Shop, Tools, and Methods. (In press.) 

Lorenz’s Modem Refrigerating Machinery. (Pope, Haven, and Dean.) (In press.) 

MacCord's Kinematics; or. Practical Mechanism 8vo, 5 00 

Velocity Diagrams 8vo, i go 

Maurer's Technical Mechanics. 8vo, 4 00 

Meniman’s Text- book on the Mechanics of Materials 8vo, 4 00 

♦ Elements of Mechanics i2mo, i 00 

♦ Michie’s Elements of Analytical Mechanics 8vo, 4 00 

Reagan’s Locomotives: Simple, Compound, and Electric i2mo, 2 50 

Reid’s Course in Mechanical Drawing ♦ . 8vo, 2 00 

Text-book of Mechanical Drawing and Elementary Machine Design . 8vo, 3 00 

Richards’s Compressed Air 12 mo, 1 50 

Robinson’s Principles of Mechanism 8vo, 3 00 

Ryan, Norris, and Hoxie’s Electrical Machinery. VoL 1 8vo, 2 50 

Schwamb and Merrill’s Elements of Mechanism 8vo, 3 00 

Sinclair’s Locomotive-engine Running and Management i2mo, 2 00 

Smith’s ( 0 .) Press-working of Metals 8vo, 3 00 

Smith’s (A. W.) Materials of Machines lamo, 1 00 

Spangler, Greene, and Blarshali’s Elements of Steam -engineering 8ro, 3 00 

Thurston’s Treatise on Friction and Lost A/ork in Machinery and Mill 

Work 8vo, 3 00 

Animal as a Machine and Prime Motor, and the Laws of Energetics. 

lamo, X 00 

Wanen’s Elements of Machine Construction and Drawing 8vo, 7 50 

Wcisbach'sKinematicf and Power of Transmission. (Herrmann— Klein. ).8vo, 5 00 

Machinery of Transmission and Governors. (Herrmann— Klein. ).8vo, s 

Wood's Elements of Analytical Mechanics. Svo, 30® 

Principles of Elementary Mechanics. ijmo, 1 >5 

Turbines .8vo. 2 3 ° 

The World’s Columbian Eapositioa of 1893 4t0t l 
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